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ABSTRACT

The crystalline rocks along the Potomac include

two formations, both Late Precambrian or Cambrian; the

Wissahickon Formation, a 14,000 foot flysch sequence;

and the Sykesville Formation, a conglomerat dc sandstone

interbedded with the Wissahickon in lenses up to 7,000

feet thick, and apparently formed by the repeated slid-

ing of partly consolidated Wissahickon sediments.

Intrusive rocks include: metamorphosed prekinematic

diabase sills; mafic and ultramafic rocks altered to

tremolite schist; a complex of ultramafic to granodioritic

synkinematic intrusions; and post-kinematic lamprophyre

dikes and gold - quartz veins.

The metasediments have been folded into a south-

plunging anticlinorium, in which the Wissahickon Forma-

tion apparently overlies the Sykesville. The sequence

along the Potomac River becomes progressively younger

to the west. Folding was initially flexural, and produced

bedding schistosity (S2) . As the folds became tighter,

flowage and finally shearing parallel to the axial planes

produced plications and axial plane cleavage (S3) evolved

from slip cleavage. In many rocks, S3 is cut by another

slip cleavage, locally grading into schistosity (S4)

.

S2 and S3 apparently overlapped in time in different





rocks, while most S4 formed distinctly later. The

syininetry of the different structures is statistically the

same, however, and all were probably formed by the same

set of forces.

Metamorphism, more or less contemporaneous with

folding, increased in grade from west to east, producing

chlorite, biotite, garnet, staurolite, kyanite and finally

sillimanite, in association with migmatitic gneisses and

metasomatic alaskites. The first appearance of biotite

(biotite line) probably reflects a decrease in the celadon-

ite content of the muscovites, while the garnet line re-

flects either a loss of manganese from the biotite, or a

decrease in the oxygen pressure. The staurolite, kyanite

and sillimanite lines are true isograds, and correspond

to the reactions:

11.8 chlorite + 15.9 muscovite + 0.9 magnetite =

8.0 quartz + 5.4 staurolite + 29.3 H2O + 0.5 O2;

1.4 staurolite + 0.92 muscovite =1.1 biotite +
12.0 kyanite + 2.9 magnetite + 0.93 quartz + 2.5 H2O;

kyanite = sillimanite.

The mineral assemblages suggest that the sillimanite-zone

rocks crystallized at 500° to 650°C, with total pressure

and water pressure both on the order of 8,000 to 10,000

bars.

As temperatures fell, retrograde alteration occurred

in rocks to which water was apparently added, mainly along

the S^ cleavage.
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INTRODUCTION

Location of Area

The area described in this report is an irregular

zone 22 miles long and up to two Jiiles wide, along the

Potomac River betv/een V7ashington, D.C. and Seneca, Mary-

land (Figure 1) . It brackets the boundary between

Maryland and Virginia, and induces parts ox the Seneca,

Rockville, Vienna, Falls Church and Washington Vfest

7-1/2 minute quadrangles.

The area lies entirely within the Appalachian

Piedmont Plateau.

Purpose ox This Investigation

The exposures along the Potomac River provide an

excellent cross-section of the crystalline complex under-

lying the Appalachian Piedmont. This cross-section is

particularly important because the rocks underlying so

many parts of the Piedmont are obscured by a thick mantle

of saprolite. This paper presents the results of a de-

tailed study ox the Potomac section, as part of a broader

program of investigation of the Piedmont rocks, now in

progress at The Johns Hopkins University.

The major objectives of the present study were to

map the crystalline rocks along the Potomac in detail.







Figure 1 : Location of area mapped (stippled),

and its geologic setting. Geology generalized

iroiD Cloos and Broedel (1940), Cloos and Cooke

(1953) and Johnston (1961).
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and to work out their origin and history. Particular

attention was devoted to the metasedimentary rocks because

they exhibit well-defined progressive raetarnorphic zoning

—

of the type described from the Scottish Highlands by

Barrow (1893) --and provide an opportunity to study progres-

sive regional rnetaraorphism by modern methods. The intru-

sive rocks are less well exposed, and have therefore been

studied in less detail.

Previous Work

Keith (Darton and Keith, 1901) made the first de-

tailed study of the rocks of the vVashington, D.C. area,

and described the general character and distribution of

rock types. Later reconnaissance mapping in nearby areas

(Knopf and Jonas, 1923; Jonas, 1924; Jonas, 1927; Knopf

and Jonas, 1929; Jonas, 1932) established the general

picture of the geology of the eastern Piedmont which is

shown on the geologic maps of Maryland (Mathews, 1933) and

Virginia (Nelson, 1928). Cloos and Cooke (1953), Bennison

and Milton (1950) and P. M. Johnston (1962) have mapped

the areas bordering the Potomac River at a scale of

1:62,500, and have corrected many errors in the earlier

studies. Cloos and Hopson (manuscript in preparation) des-

cribe the geology of Howard and Montgomery Counties, Maryland,
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which border the Potomac on the North. Griscom and

Peterson (1961) have studied the bedrock geology of a

part of Montgomery County by geophysical methods.

Fellows (1950) has summarized the geology along Rock

Creek, a tributary to the Potomac in V/ashington, D.C.

Cloos and Anderson (1950) mapped the structures

just southwest of Great Falls in detail. Reed (1959) and

Reed and Jolly (1962) have extended this mapping about

three miles eastward along the Potomac, though in some-

what less detail, ana have briefly described the meta-

morphism and the migmatization. V/here the work reported

here overlaps with that of Reed and Jolly, it serves to

corroborate many of their conclusions. This agreement is

encouraging, since the conclusions were arrived at in-

dependently.

Methods of Investigation

The distribution of rocks along the Potomac were

mapped on the scale of 1:8000 (8 inches = 1 mile), using

as a base the U.ii. Geological Survey 7-1/2 minute quad-

rangle topographic maps, enlarged three times. Samples

were systematically collected for microscopic study, the

attitudes of the principal structural elements were

measured, and graded bedding and bedding/cleavage relations
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were used to determine the tops of beds. Finally, a more

detailed map of part of Bear Island was prepared by tape

and compass methods.

Standard petroxabric methods and the geometric

methods of Sander (1942) and Weiss (1959) were used to

supplement the field and petrographic study of tectonic

structures

.

In order to permit systematic study of the metamorphism,

six zones of increasing metamorphic grade were defined on

the basis of the distribution of chlorite, biotite, garnet,

staurolite, kyanite and silliraanite. The compositions of

the critical minerals in each zone were estimated by opti-

cal and x-ray means. The assemblages judged to approximate

equilibrium v/ere then plotted on compositional diagrams

constructed by the methods of Thompson (1957) and

Korzhinskii (1959). Progressive changes in the assemblage

diagrams were used together with thin section textures to

work out the chemical reactions at the zone boundaries.

Finally, the conditions of metamorphism were estimated by

comparing the natural mineral assemblages with those ob-

tained in published experimental v/ork on mineral stabil-

ity.
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REGIONAL SETTING AND SUMMRY Qg GEOLOGIC HISTORY

The Appalachian Piedmont is underlain by a broad

belt of structurally complex metaraorphic and igneous rocks

extending from Alabama to New Jersey.

In Maryland, the oldest unit is the Baltimore Gneiss

(Early Precambrian) , exposed in a series of northeast-

trending assymetric domes, elliptical in plan view

(Figure 1) . The domes are mantled by a thick sequence

of metasediraentary rocks known as the Glenarm Series (Late

Precambrian or Cambrian) which includes from the bottom

upwards the Setters Formation, the Cockeysville Marble,

and the Sykesville and Wissahickon formations (Table 1).

Intrusive rocks are common in the eastern part of the

Piedmont

.

These metaraorphic and igneous rocks are unconiorm-

ably overlain on the east by the Coastal Plain sediments

(Cretaceous to Recent) and on the west by the Triassic

Newark Series (Figure 1)

.

The major structure in the southeastern Maryland

Piedmont is the south-plunging V/oocstock Anticlinorium,

indicated by the two converging belts of the Sykesville

Formation (Figure 1) . West of Washington, the structure

is probably horaoclinal, the rocks becoming progressively

younger to the west.





15

In the chapters which follow, it will be shown that

the rocks of the V/issahickon and Sykesville formations

which crop out along the Potomac River were originally

grajrwackes, pelitic shales and conglomeratic sandstones,

deposited in a flysch environment. These rocks, to-

gether with diabase sills and dikes, were isoclinally

folded and intruded by igneous rocks ranging in composition

from pyroxenite to alaskite granodiorite . Regional raeta-

morphism, broadly contemporaneous with folding, recrys-

tallized the sedimentary rocks to phyllites and sericitic

schists in the west, and to coarsely crystalline garnet

—

mica schists and migmatitic gneisses farther east. Later,

as temperatures fell, the high grade mineral assemblages

were partially replaced by retrograde assemblages.
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Table I

Generalized stratigraphy of the rocks in

the southeastern ;,iaryland Piedmont

Age

Cretaceous

Liithologic Unit

Coastal Plain sedi-
ments; gravels,
sands, silts and
clays

.

Thickness
(feet) Reference

- 8000 Yokes,
1957.

unconformity

Triassic Newark Group ; red,
arkosic sandstones
and hematitic
shales.

- 13,500 Stose and
Stose,
1946.

unconformity

Late Pre-
cambrian
or
Cambrian

d
a

r-i

O

Wissahickon Forma-
tion ; mica schists,
pyllites and meta-
graywackes

.

Sykesville Forma-
tion ; thick-bedded
metamorphosed con-
glomeratic sand-
stones; occurs as
lenses within the
V/issahickon Forma-
tion.

Cockeysville Forma-
tion; metadolomite

,

calcite marble,
calc-silicate marble

25,000 -

35,000

- 750

Hopson
(manuscript
in prepar-
ation)

Choquette,
1960.

Early
Precambrian

Setters Formation ; - 1000
mica schist and mica-
ceous metaquartzite

.

micro-

unconformity

Baltimore Gneiss
;

cline augen gneiss,
biotite-oligoclase
gneiss, amphibolite.

Choquette,
1960.

(base not
exposed)
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THE METASEDIiMENTARY ROCKS

General Statement

The raetasedimentary rocks along the Potomac com-

prise a thick clastic sequence, predominately argill-

aceous, which was deposited in a flysch environment.

In this report, the rocks are divided into two formations,

both belonging to the upper part of the Glenarra Series

(Late Precambrian or Cambrian) : the V/issahickon Forma-

tion (including Peters Creek Quartzite of Mathews,

1933) consisting mainly of argillaceous rocks and inter-

bedded metagraywacke ; and the Sykesville Formation (in-

cluding Laurel Gneiss of Cloos and Cooke, 1953), pre-

dominately a metamorphosed conglomeratic sandstone.

The total apparent stratigraphic thickness is at least

20,000 feet, but the original thickness may have been

quite different.

This chapter is concerned mainly with the stratig-

raphy, field relations, and origin of the metasediments

;

their petrography and tectonic structures are discussed

separately.

General Stratigraphy

The pattern of folds and graded beds west of Offutt

Island (10 miles northwest of the V/ashington, D.C. line)
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strongly suggests that the rocks there become progres-

sively younger to the west (Plates I and II) . iiast of

Offutt Island the stratigraphy is less clear because

top and bottom criteria are rare; two interpretations

are possible (i'lgure 2).

The interpretation labeled horaoclinal hypothesis

(Figure 2, Column A) is based on the idea put forth by

Hopson (manuscript in preparation) that the main western

belt of the Sykesville Formation is homoclinal, lying

along the western limb of the Baltimore anticlinoriura.

According to this hypothesis, the bulk of the meta-

sediraentary rocks along the Potomac River lie stratig-

raphically above the Sykesville Formation.

The alternative interpretation, labeled synclinal

hypothesis (Figure 2, Columns 3 and C) is based on the

idea that the main western belt of the Sykesville Forma-

tion represents the southern continuation of the trough

of a syncline, as suggested by Jonas (1937). Under this

hypothesis, the stratigraphic succession west of Offutt

Island is the same as under the homoclinal interpretation

(Column B) , but the succession east of Offutt Island is

nearly the reverse (Column C)

.

The rarity of top and bottom criteria east of Offutt

Island makes a firm decision between these two rival

hypotheses difficult. But the fact that the Sykesville







Figure 2 : Generalized stratigraphy of the meta-

sedimentary rocks along the Potomac, as required

by (A) the hypothesis that the structure west of

Washington, D.C. is honioclinal, and (B and C) the

hypothesis that the main western belt of the isykes-

ville Formation is synclinal. See text for dis-

cussion,

ws = schists and phyllites of the Wissahickon

Formation;

wg = metagrajrwackes of the Wissahickon Formation;

sf = Sykesville Formation.
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Formation fails to reappear west of Offutt Island argues

against the existence of a syncline (Figure 2) . This

difficulty can be avoided by assuming that the Sykesville

is faulted out, or disappears by a change in sedimentary

facies, but either explanation introduces concepts not

required by independent evidence.

Similarly, the structural evidence, though not con-

clusive, does not necessitate a syncline. Thus, it seems

best to accept the simpler homoclinal hypothesis until

definite evidence for a syncline might be brought forward.

The Wissahickon Formation

Name: The V.'issahickon Formation was originally

named from ii'issahickon Creek, near Philadelphia, Pennsyl-

vania (Bascom, 1902, p. 104). Although direct correlation

with the rocks at the type locality is not possible, the

name has been extended to include the bulk of the meta-

sedimentary rocks in the map area (Cloos and Cooke, 195S)

.

The reasons are as follows. The schists along the

Potomac may be traced directly into the 'albite - chlorite

facies" of the V/issahickon Formation in western Baltimore

County, Marylanc. The rocks of this facies were called

Wissahickon by Knopf and Jonas (1929, p. 167) because of

a supposed correlation with the mica schists in eastern
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Baltimore County, which they in turn correlated on good

evidence with the V/issahickon at the type locality, and

named the "olit^oclase - mica facies" of the Wissahickon

Formation. Correlation of the two schist sequences in

Baltimore County was based on the theory that they rep-

resent opposite limbs of the Peach Bottom Syncline, the

trough of the syncline being indicated by the Peters

Creek Schist (Figure 1) . But if the sequence is homo-

clinal, as seems likely, the albite - chlorite facies of

the Wissahickon, which includes most of the metasediments

along the Potomac Riverj actually overlies the V/issahickon

at the type locality. Nevertheless, to introduce a new

formational name for the albite - chlorite facies rocks

would probably be an unnecessary burden on stratigraphic

nomenclature, for the rocks of the albite - chlorite

facies are not easily distinguished from those of the

oligoclase - mica facies where the 3ykesville does not

intervene

.

Therefore, in this report the name V/issahickon

Formation is used for the rocks both above and below the

Sykesville Formation which are lithologically similar to

the rocks originally named Wissahickon.

Distribution and Thickness : The Wissahickon Forma-

tion includes most of the raetasedimentary rocks in the

area. It crops out both along Rock Creek in V/ashington,





21

D.C., and along the Potomac Kivex" west of Glen 2cho,

Marylana, where for 12 miles it is interrupted only by

small intrusions and by a few infolded belts of the

Sykesville formation. At Seneca, i.Iaryland, it disappears

beneath Triassic sedimentary rocks.

The top of the formation is not exposed, and there-

fore its total thickness is unknown; but at least 14,000

feet of roci-:s belonging to the V/issahickon Formation are

now exposed along the Potomac, anc the original thickness

may have been much greater. Of this 14,000 feet, roughly

S,000 feet are predominately metagraywacke , and 11,000

feet are mainly argillaceous rocks.

The best exposures of the V/issahickon along the

Potomac are just east of Great Falls, near Bear Island

(see Cloos and Anderson, 1951; Reed and Jolly, 1962).

Other good outcrops are found intermit tantly on the bluffs

along the river banks. Exposures on the deeply weathered

Piedmont upland are very limited.

Lithology and Field Relations : The Wissahickon Forma-

tion consists mainly of argillaceous rocks, with rhyth-

mically interbedded gray^vacke beds, and local tuff beds.

Where the grade of metamorphism is lowest, near

Seneca, Maryland, the argillaceous rocks are fine grained

sericitic schists and chlorite - sericite phyllites, with
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a lustrous axial plane cleavage. Gray to black on fresh

surfaces, the rocks weather light gray or reddish tan.

Quartz stringers, ve inlets and knobs commonly weather

into prorainance, giving outcrops a ribbed, or knobby

appearance

.

In thin section, the major minerals are quartz, fine

grained muscovite, chlorite, and albite. Epidote,

apatite, tourmaline, and magnetite are ubiquitous

accessories, and small amounts of pyrite, hematite, sphene

and zircon are common. Modal analyses of representative

specimens are listed in Table 2, under the heading

"chlorite - zone." The chlorite and sericite typically

show a strong preferred orientation, and are segregated

into micaceous laminae which parallel the cleavage, and

alternate with thin quartz veinlets. In many rocks, the

axial plane cleavage is crinkled by a later slip cleavage.

Farther east, the grade of metamorphism increases;

the phyllites gradually pass into coarse grained schists,

and first biotite, then garnet, staurolite, kyanite and

finally sillimanite appear. The sillimanite bearing

schists, near Bear Island, are veined with thin quartzo-

feldspathic laminae, and grade into migmatitic gneisses

containing dark, wispy mica segregations and porphyroblasts

of albite, locally segregated into replacement aplites

and pegmatites. Representative modal analyses of these

higher grade rocks are listed in table 2.
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East of Bear Island, the argillaceous rocks are

mainly retrograded to chlorite - muscovite schists, with

two or more intersecting cleavages. The mineral assem-

blages are complex, owing to the retrogression, and must

be regarded as disequilibrium mixtures of the high and

low grade assemblages.

These mineral assemblages are all raetamorphic, not

clastic. This is shown by such features as the orienta-

tion of the micas parallel to the cleavage or schistosity,

the common segregation veinlets, and the coarse grain

size and porphyroblastic texture of the higher grade

schists. liJeverthe less, the high proportion of micas,

especially muscovite, and the common presence of the

aluminum silicates kyanite, sillimanite, andalusite and

staurolite in the higher grade rocks show that these rocks

v/ere derived from aluminous shales.

Metamorphosed graywackes and subgraywackes, collect-

ively termed metagraywackes, are rhythmically inter-

bedded with the argillaceous rocks in all proportions.

Zones with more than 25 per cent metagraywacke have been

mapped separately (Plates I and II)

.

The metagrayv/ackes are light gray or black on fresh

surfaces, and typically weather light yellowish or

reddish tan. Bedding is well preserved, even in the

sillimanite zone (Figure 3). Individual beds range from







Figure 3 : Graded inetagraywackes (light colored)

interbedded with mica schists (dark colored).

Note the lack of structures in the base of the

graded beds, and the laminations in the upper part.

The lumpy protubrances on the base of the middle

metagraywacke bed may be load casts. Central part

oi Bear Island, Maryland.

Figure 4 : Graded metagraywacke belonging to the

Wissahickon Formation, showing upward diminution in

size of detrital quartz and feldspar grains. Base

of bed is just above pencil, and bedding parallels

pencil. Northern Bear Island, Maryland.
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one inch to 10 feet thick, but average about eight inches;

they are very persistent, and may be traced laterally to

the limit of outcrop. Channels and other erosional

features are conspicuously absent. Graded bedding is

very common; in most rocks, it is preserved only as a

gradual upward diminution in quartz content (Figure 3),

but in less deformed rocks, a progressive upward decrease

in original grain size is also visible (Figure 4)

.

At the bottom of the graded beds, detrital grains

of quartz and plagioclase range up to 0.5 cm; they occur

in all stages of granulation from egg-shaped sutured

aggregates (Figure 5) to almond-shaped lenses with tails

of finely granulated quartz (Figure 6) and finally to thin

stringers consisting mostly of fine, equigranular quartz,

and no longer recognizable as clastic grains. In the

least-deformed rocks, the clastic grains have sharp

boundaries, and are embedded in a matrix of much finer

grained quartz and randomly oriented micas, which is very

reminiscent of the interstitial mud characteristic of gray-

wackes (Figure 5)

.

Many of the graded beds have an unlaminated base

which grades upward into a laminated zone near the top,

consisting of thin micaceous layers alternating with

quartzose bands (Figure 3). The laminations probably

formed partly by metamorphic segregation (see section on
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Figure 5: Photomicrograph of raetagraywacke belong-

ing to the Wissahickon Formation, showing well-

preserved detrital quartz grains embedded in an

argillaceous matrix. Note the nearly random orienta-

tion of the micas in the matrix. Northern Bear

Island, Maryland (X 20). Plane light

Figure 6: Photomicrograph of raetagraywacke belong-

ing to the Wissahickon Formation, showing crushed

detrital quartz grains. Note orientation of micas

in matrix parallel to the long dimension of the

crushed grains. Northern Bear Island, Maryland

(X 20) . Plane light.
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Note: Constituents are given in volume per cent, based
on the proportion of the indicated number of randomly-
selected points; t = present in trace amounts.

108-A: Feldspathic metagraywacke ; 6000 feet southwest
of Blockhouse Point, Md.

109-B: Micaceous metagraywacke, 5500 feet southwest of
Blockhouse Point, Md

.

164-A: Chlorite - sericite schist; Blockhouse Point, Md

.

8S-A: Chlorite - biotite - muscovite schist, 1500 feet
west of Watts Branch, Md

.

103-A: Chlorite - biotite - muscovite schist, 1900 feet
west of Watts Branch, Md.

20-A: Micaceous metagraywacke; 2500 feet west of
Crop ley, Md

.

175-A: Garnet - mica schist, 3200 feet east of Watts
Branch, Md

.

174-A: Garnet - staurolite - mica schist; 4200 feet east
of Watts Branch, Md.

174-C: Garnet - staurolite - mica schist, 4200 feet east
of Watts Branch, Md

.

8-A: Mica schist, central Bear Island, Md.

11-B: Migmatitic gneiss, central Bear Island, Md.

15-A: Garnet - sillimanite - mica schist, Virginia bank
of the Potomac River, opposite northern Bear Island.

90-C: Albitized metagraywacke; central Bear Island, Md.

245e: Sillimanite - andalusite - mica schist, south-
western Bear Island, Md

.
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planar structures), but they do parallel bedding, and very

likely reflect sedimentary layering as well. Similar

laminations are common near the top of unmetaraorphosed

graywacke beds (see for example, Mellen, 1954). Had the

laminations formed by metamorphic processes alone, they

should be found in all parts of the beds, not merely near

the tops.

Locally, the unlarainated lower parts of the beds

pinch out along strike, and project into the underlying

argillaceous beds in lumpy protubrances which may be

load casts (Figure 3)

.

In some beds, the laminations are very contorted,

although the beds themselves are of constant thickness,

and the beds on either side show little or no deformation.

These contorted laminations closely resemble convolute

bedding in unmetaraorphosed raetagraywackes, and may be

evidence of soft sediment deformation. But without care-

ful petrofabric analysis, it is in most cases difficult

to rule out the possibility that the contortions were

produced tectonically.

Thin micaceous laminae cutting diagonally across the

metagraywackes are also common. They have^ been described

by Reed and Jolly (1962), who suggested that they might

be cross-bedding. The present writer believes that they

are more likely tectonic, however, for they locally cut
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completely across two or more graded beds without inter-

ruption, and are commonly tangent to bedding at the micaceous

top of graded beds, rather than at the quartzose bottom.

This behavior is very common in refracted axial plane

cleavage, but is somewhat unusual in cross-bedding.

The mineral assemblages in the raetagraywackes are

much the same as in the associated argillaceous rocks des-

cribed above, except that quartz and plagioclase are more

abundant, and aluminum silicates like sillimanite and

staurolite are absent. Typical modes are listed in

Table 2. These raetagraywackes contain between 10 and 15

per cent more quartz than do typical unmetamorphosed gray-

wackes (see, Fettijohn, 1957, p. 304). This is to be ex-

pected, because the modes given here include the coarsely

recrystallized quartz of the original muddy matrix, which

is commonly counted only as "matrix" in modes of unmeta-

morphosed graywackes. The high proportion of mica rela-

tive to feldspar suggests that the original graywackes

were lithic, rather than feldspathic,

A few metagraywacke beds contain 5 to 10 per cent

epidote or clinozoisite and small amounts of grossularite

garnet. Probably these beds represent sediments which

were originally slightly calcareous. IJetamorphosed cal-

careous concretions are locally represented by epidote -

quartz pods 2 to 3 inches thick, and vip to 12 inches
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long. Together, these calcareous rocks make up probably-

less than one per cent of the "vVissahickon Formation.

One metagraywacke zone near Great ?alls can be

followed along the bends of the river for four and one-

half miles (Plate I). It first appears on the northern

tip of Bear Island, and it can be tra.ced intermittantly

northward from there to Beall's Island, where it swings

southward in a south-plunging syncline, and follows the

western bank of the Potomac River southward to Great

Falls. Bedding - cleavage relations a.nd graded beds

suggest that the schist zone just west of Swain's Lock

occupies the core of an anticline, and probably the same

metagraywacke unit crops out again just v/est of the

schist zone. Throughout all of its visible extent, this

metagraywacke unit shows no discernable systematic changes

in lithology, total thickness, original grain size, or

thickness of individual beds.

The V/issahickon Formation also contains thin beds

derived from tuffaceous sediments. A sequence of meta-

morphosed tuffs near the tremolite schists east of Block-

house point contains well-preserved laths of plagioclase

with complex carlsbad - albite tv/ins, set in a matrix of

chlorite, actinolite, granular albite, epidote, quartz

and a carbonate. The relict plagioclase laths are now

albite or sodic oligoclase, but the abundance of epidote





suggests that they were originally more calcic. The

abundance o£ calcium, indicated by the large amount of

epidote, suggests that these tuffs v/ere originally

basaltic.

Chemical Composition : Chemical analyses of meta-

graywackes belonging to the Wissahickon Formation are

listed in Table S (Columns 1-4), and compare very

closely v/ith Tyrrell's average of 30 graywackes (Column

5). The V/issahickon rocks are all slightly more siliceous,

and correspondingly lower in AI2O3 than the average gray-

wacke, but are otherwise very similar. The silica con-

tents of analyses 1, 2, and 4 are within the range of

silica contents in graywacke analyses listed by Pettijohn

(1957, p. 306), and probably represent true graywackes.

Analysis 3 is somewhat more siliceous, and probably rep-

resents a subgraywacke . Especially characteristic of

graywackes is the excess of Na20 over K2O found in all the

metagraywacke analyses; of the 23 graywacke analyses

listed by Pettijohn (1957, p. 308), Na20 exceeds K2O in

all but one.

Chemical analyses of argillaceous rocks from the

Wissahickon Formation are listed in Table 4 (Columns 6

and 7), and compare closely with Clarke's average shale

(Column 8). The AI2O3 contents are even higher than in
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Table 3

Chemical analyses of metagraywackes belonging to the
V/issahickon Formation.
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Table 4

Chemical analyses of argillaceous rocks belonging to
the V/issahickon Formation.





the average shale. Analysis 7 has low SiOo, and is high

in total iron and alkalis relative to the average; this

suggests that the original sediment was exceptionally

fine grained (cf. Pettijohn, 1957, p. 343). The excess

of K2O over Na20 contrasts with the analyses of the meta-

graywackes, and is in accord with almost all published

analyses of shales (Pettijohn, 1957, p. 344).

Column 10 is an unweighted average of all ten

analyses given, a crude approximation of the bulk compo-

sition of the Y/issahickon Formation.

Origin : Several features of the metagraywacke beds

show that they are turbidites: The regular interstratif ica-

tion of coarse, graded metagraywackes with argillaceous

beds, and the absence of channeling and other erosional

features, are virtually diagnostic of turbidites (ten

Haaf, 1959). The detailed structures of the beds—un-

laminated and apparently poorly sorted at the base, grad-

ing upward into a laminated zone—are also very suggestive

of turbidites (see McBride, 1960 and Mellen, 1956). And

both the great thickness of the Wissahickon Formation,

and its location in a deformed belt, apparently near the

axis of a geosyncline, are typical of turbidite deposits

(Sujkowski, 1957).
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The form of the sedimentary basin in which the

turbidites were deposited is uncertain. The turbidites

raay have been laid down as continuous sheets on long, and

fairly gentle slopes, as envisioned by Sujkowski (1957)

and ten Kaaf (1959) . Or they could represent discontin-

uous lenses which collected in restricted basins like

those off the California coast (Gorsline and Emery, 1959)

But in either case, a deep-water marine environment seems

likely, especially in view of the great thickness of the

V/issahickon Formation. And if the turbidites formed in

deep water, the interbedded argillaceous rocks must also

be marine.

Thus, the Wissahickon Formation is best interpreted

as the product of pelaigic sedimentation, periodically

interrupted by deposition of coarse, graded sand beds

brought in by turbidity currents.

The Sykesville Formation

Name: The name Sykesville Granite was first applied

to grantiic-appearing rock near Sykesville, Maryland

(Figure 1) by Keyes (1895), who considered the rock igne-

ous. The name was retained by Jonas and Stose (1937) and

Stose and Stose (1946) in Carroll County, and by Cloos

and Broedel (1940) in Howard County. Cloos, in following

the formation southward into the area covered by this





report, became convinced that the rock was of sedimentary

origin. Accordingly, he changed the name to Sykesville

Formation (Cloos and Cooke, 1953). He also suggested

that the Laurel Gneiss is probably the equivalent of the

Sykesville on the eastern limb of the Baltimore Anti-

clinorium (Figure 1), but nevertheless retained the two

formation names. Reed and Jolly (1962) were uncertain

of the rock's origin, and therefore called it simply

muscovite—chlorite gneiss.

In this report, the name Sykesville Formation is

used for rocks which are similar in original lithology

to those at Sykesville, and which occur at approximately

the same stratigraphic position. The formation as mapped

includes rocks termed Laurel Gneiss by earlier workers

(Cloos and Broedel, 1940; Chapman, 1942; Cloos and Cooke,

1953); this extension of the name Sykesville Formation

is justified because the rocks earlier termed Laurel

Gneiss are lithologically indistinguishable from the

Sykesville in the area studied for this report, and be-

cause the two units occur at about the same stratigraphic

position on the two limbs of the Baltimore Anticlinorium.

The name Sykesville Formation is also used for the small

inliers of rock lithologically similar to the Sykesville,

and at approximately the same stratigraphic level, which

are interstratif ied with the Vv'issahickon Formation near

Cabin John, Maryland.
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Distribution and Thickness : The Sykesville Formation

crops out in two major northeast-trending belts, represent-

ing the two limbs of the V/oodstock Anticlinorium. These

two belts converge, and almost come together at the

Potomac River in V/ashington, D.C., where they are separated

by only 1.5 miles, most of which is underlain by intru-

sive rocks. Farther north, in Howard County, Maryland,

the Sykesville interfingers laterally with the Peters Creek

Formation (Hopson, personal communication).

Smaller belts of the Sykesville are infolded with the

\7issahickon Formation farther west along the Potomac, at

Cabin John and Offutt Island. The rocks at Cabin John are

separated from the main western belt of the Sykesville

by only 250 feet of schists belonging to the Wissahickon

Formation (Plate I). Therefore, the belts are probably

stratigraphically equivalent, or nearly so. The belt at

Offutt Island crops out in a small anticline, well re-

moved from the main belt of the Sykesville, and is probably

at a different stratigraphic level; if the homoclinal

interpretation of the regional structure is correct, it

overlies the main belt.

The main belt of the Sykesville on the western limb

of the anticlinorium is now about 7,000 feet thick along

the Potomac, but the original thickness may have been

quite different. Farther north, in Montgomery County,





the same belt may be as much as 15,000 feet thick (Hopson,

personal communication). The thickness of the Sykesville

on the eastern limb of the anticlinorium is unknown, be-

cause the top of the formation is not exposed, but it is

probably at least 10,000 feet. The belt of the Sykesville

infolded with the V/issahickon at Offutt Island is probably

about 1,000 feet thick.

Lithology and Field Relations : The Sykesville

Formation is a thick and remarkabl3'' uniform sequence of

metamorphosed conglomeratic sandstones, granitic-appearing

in outcrop, and lacking obvious bedding. Quartz granules

and pebbles, and rock fragments ranging from a few centi-

meters to boulder size make up about 5 to 15 per cent of

the rock, and ai-e set in a matrix of coarsely granular

garnet - oligoclase - mica - quartz gneiss.

The gneissic matrix is fine to medium grained, and

almost completely devoid of segregation banding (Figure

7). Betrital grains of quartz and feldspar are common,

and give the rock a granular appearance. In thin section,

the detrital grains have sharp boundaries which do not

interpenetrate with the minerals of the matrix; all

gradations exist from rounded or egg-shaped grains, com-

posed of an interlocking mossaic of crystals in sub-

parallel alignment (Figure 8), to elongate pods or lenses,
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Figure 7 : Typical outcrop of the Sykesville Forma-

tion, showing cobbles of mica - quartz gneiss, and

fragments of mica schist ranging from small blebs

to cobbles, embedded in a matrix of unbanded gar-

net - oligoclase - mica - quartz gneiss. Scale is

6-1/2 inches long. Chain Bridge, Virginia.

Figure 8 : Photomicrograph of garnet -oligoclase -

mica - quartz gneiss matrix of the Sykesville

Formation, showing relict detrital quartz grains.

Photo courtesy C. A. Hopson (X 10). Plane light.
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pulled out parallel to the schistosity. Also present are

porphyroblasts of clear plagioclase, with an outline which

is crudely idiomorphic, but irregular in detail. Their

margins are indefinite, and tend to interpenetrate with

the minerals of the matrix.

Near Washington, L.C., the mineralogy of the matrix

is quite uniform; the main constituents are quartz, mus-

covite, plagioclase, biotite, chlorite and garnet.

Potash feldspar is not normally present. Typical model

analyses are listed in Table 5. Farther west, near Cabin

John and Offutt Island, the original biotite and garnet

are extensively chloritized, and the early coarse-grained

muscovite is partly recrystallized to fine, scaly

sericite

.

The most common kinds of pebbles and rock fragments

in the Sykesville Formation are:

1. rounded granules and knots or pebbles of

quartz, or of quartz and feldspa,r;

2. flattened fragments of mica schist ranging from

micaceous blebs one centimeter long to slabs

two or three feet thick, and as much as 15 feet

long

;

3. angular cobbles and irregular fragments of meta-

grajnvacke

;
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Table 5

Modal Analyses oi rocks from the Sykesville
Formation
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4. angular to subrounded blocks ox biotite

—

quartz gneiss;

5. fragments ox concretionary calcareous siltstone;

6. cobbles of schistose amphibolite.

The granules and knots of quartz, or of quartz and

feldspar are mostly well-rounded, and range from a few

millimeters to about four inches in diameter. Some have

a very smooth, almost polished surface, and appear to be

detrital pebbles. Others, generally augen-shaped, rather

than rounded, have an irregular surface which tends to

interpenetrate with the matrix, and these are probably

raetamorphic segregations of quartz.

The micaceous blebs 2 to 3 centimeters long are

nearly ubiquitous. They are gradational in size to the

cobbles and boulders of mica schist, and most appear to

be metamorphosed shale chips; but the smaller ones may be

clumps of mica segregated during metamorphism.

The amphibolite fragments and some of the biotite -

quartz gneiss fragments are surrounded by reaction zones

apparently produced by chemical interaction of the cobbles

with the matrix during the metamorphism (Figure 9)

.

The plane of flattening and the schistosity of the

smaller pebbles both commonly parallel the schistosity in

the matrix (:?igure 7), but the larger blocks are in many

cases randomly oriented. Locally, elongate fragments of
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Figure 9 : Fragment of mica - quartz gneiss bounded

by reaction zone of quartz and oligoclase. Scale

is 6-1/2 inches long. Sykesville Formation at

Chain Bridge, Virginia.

Figure 10 : Sketch of crumpled fragment of raeta-

graywacke, lyin^, athwart the schistosity of the

Sykesville Formation. Chain Bridge, Virginia.
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metagraywacke beds lie athwart the schistosity, and are

crumpled and folded (Figure 10)

.

In places, the larger rock fragments are concentrated

in zones or lenses, which define a crude layering with-

in the Sykesville Formation. For example, zones 50 to

200 feet thick locally contain abundant cobbles or

boulders, while intervening zones contain only a few

cobbles. Elsewhere, there are zones rich in one particular

kind of fragment; particularly common are zones rich in

cobbles of mica schist, or in fragments of concretionary

calcareous siltstone. Locally, the schist cobbles are

strung out in a narrow zone, as if they represent a single

argillaceous bed which had been pulled apart.

Bedding, other than that shown by the gross varia-

tions in the distribution of the rock fragments, is very

rare in the Sykesville Formation. But locally, argilla-

ceous rocks are interbedded with the Sykesville near the

contact with the V/issahickon Formation, and in a very

few places there are lenses of the Sykesville Formation

abnormally rich in quartz or feldspar; the lenses are up

to 2 or 3 feet thick, and pinch out in both directions.

The contacts of the Sykesville Formation with the

Wissahickon are gradational over a 200 to 500 foot zone.

Approaching the contact from the Sykesville side, the

large rock fragments first disappear, and then the
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smaller quartz pebbles and micaceous blebs become rare,

and finally disappear altogether; the matrix becomes

finer grained, gradually looses its granular, sandy

texture, and passes gradationally into mica schist.

On the geologic maps (Plates I and II), the con-

tact was arbitrarily placed where the small mica schist

fragments and the coarse detrital quartz and feldspar

granules disappear. The contacts as mapped agree well

with those mapped by Cloos (Cloos and Cooke, 1953) and

by Johnston (1961).

Chemical Composition : Available chemical analyses

of rocks belonging to the Sykesville Formation, given

in Table 6, (Columns 11 - 14), are averaged in Column 15.

Their average is very nearly identical to the average of

analyzed rocks from the Wissahickon (Column 10) . Espe-

cially noteworthy is the similarity in AI2O3, Si02 and

total iron, and the excess of K2O over Na20 in both

averages

.

Interestingly enough, the individual analyses of

Sykesville rocks cluster closely about the average, while

the individual analyses of V/issahickon rocks (Tables 3

and 4) fall into tv/o more or less distinct groups, each

different from the average. Thus, although the average

of chemical analyses from the two formations are very
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similar, the compositions of the individual rocks are

somewhat different. The Sykesville rocks are, chemically

speaking, mixtures ox shale and graywacke in roughly the

same proportions as those rock types enter into the average

of the V/issahickon analyses.

Origin : The Sykesville Formation was first con-

sidered an intrusive granite (Keyes, 1895; Stose and Stose,

1946), largely because of the abundant cobbles and

boulders, originally thought to be xenoliths.

Hopson (manuscript in preparation) cites several lines

of evidence which show that this interpretation is in-

correct. First, the regional distribution of the Sykes-

ville, which occurs at the same stratigraphic level on

both limbs of the anticlinorium, and grades into the Peters

Creek Formation along strike to the north, suggests that

it is a member of the metasedimentary sequence, rather

than an intrusive body. Likewise, the contacts of the

Sykesville with the V/issahickon are gradational over a

200 to 500 foot zone, and suggest sedimentary gradation,

not intrusion. The relict sand grains and pebbles also

indicate a sedimentary origin. Finally, both the

raineralogical and the chemical composition of the Sykes-

ville rocks show important differences from igneous

granites. In the Sykesville, quartz and micas, especially
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Table 6

Chemical analyses of rocks belonging to the
Sykesville Formation.
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muscovite, are much more abundant than in most granites.

Moreover, the chemical analyses of rocks from the Sykes-

ville are low in alkalis, relative to silica and alumina,

compared to igneous granitic rocks.

In studying the Laurel Gneiss, here mapped as the

easternmost belt of the Sykesville Formation, Chapman

(1942) recognized that the gneiss was probably derived

from a sedimentary rock. He suggested that the formation

was formed tectonically by granulation and recrystalliza-

tion of rocks belonging to the iVissahickon Formation.

However, tv/o recently discovered facts: the distribution

of the Sykesville Formation along the two limbs of tne

V/oodstock Anticlinorium; and the v/ell-preserved clastic

textures, v/hich should have been obliterated by deforma-

tion of tne sort envisioned by Chapman, argue against

this hypothesis.

Taken together, all of these facts suggest that the

gross features of the Sykesville must be regarded as

sedimentary in origin.

The relict textures show that the original sediment

contained numerous sand grains of quartz and plagio-

clase up to three millimeters in diameter. The high

percentage of muscovite suggests the presence of a con-

siderable amount of mud matrix. The presence of mud to-

gether with shale chips, quartz pebbles, cobbles, and
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irregular blocks, shows that the original sediment was

very poorly sorted. The poor sorting, the chaotic arrange-

ment of the larger blocks, and the lack of current struc-

tures or bedding, all show that the oykesville Formation

was not deposited from normal aqueous currents. Rather,

these features suggest that the sediment was rapidly

"dumped" into place, and that sorting agencies never had

time to operate.

Deposits of this type have been formed in several

ways: by glacial or volcanic agencies, as mud flows,

flash floods, and by submarine slumping and sliding (cf

.

Pettijohn, 1957, p. 265-266). The rarity ox volcanic

material precludes a volcanic origin for the Sykesville.

Of the remaining mechanisms, submarine slumping or slid-

ing is the only one capable of explaining the thickness

and extent of the formation, and its association with the

Wissahickon turbidites, which would seem to require a

deep water, marine origin (see ten Haaf, 1959; and

Sujkowski, 1957).

Hopson (manuscript in preparation) has accordingly

suggested that the Sykesville Formation was formed by the

repeated slumping and sliding of still unconsolidated

sediments of the V/issahickon Formation, leading to the

obliteration of original structures by disruption of

bedding, and mixing of sediments. This interpretation
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neatly explains the relict clastic textures, and the

near identity of the chemical analyses of the Sykesville

rocks with the average of the chemical analyses of the

Tr'issahickon rocks. The slumping hypothesis is also in

accord with the tectonically active environment

suggested by the V/issahickon turbid ites.

Under this interpretation, the contorted fragments

of metagraywacke beds, and the shale chips and schist

slabs could be explained as fragments of the V/issahickon

sediments which had survived the slumping intact, perhaps

due to local cementation prior to slumping. The calcar-

eous concretions in some of the broken metagraywacke beds

provide more definite evidence for local cementation.

The cementation prior to slumping may indicate that

the slumping occurred only after accumulation of a con-

siderable thickness of overlying sediments; if so, the

process here loosely termed "slumping' may be more closely

akin to the sliding of large thicknesses of loosely con-

solidated sediments during deformation by gravity tecton-

ics than to slumping, more or less contemporaneous with

sedimentation.

Many of the larger blocks of amphibolite and biotite

gneiss have a contorted foliation which is unrelated to

that in the matri:i of the oyl.__.^ ; therefore these

blocks appear to have been boulders of metamorphic rock
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at the time of deposition. And certainly the large vein

quartz pebbles must have been indurated before deposition.

Many of these boulders may be fragments of the Baltimore

Gneiss (Hopson, personal communication). But boulders ox

this type are not found in the vVissahickon rocks now

associated with the Sykesville. In addition, the detrital

grains are coarser in the Sykesville i'orraation than in

most of the Wissahickon rocks; since both formations have

undergone an equal amount of recrystallization, this dis-

parity in grain size would seem to be at least in part

primary.

It, therefore, appears as if , . issahickon sedi-

ments which "slumped" to form the Sykesville were either

abnormally rich in boulders and coarse sand, or else

these constituents were added to the sediments during the

slumping. The repeated slumping which is postulated to

account for the Sykesville sediments suggests exceptional

tectonic instability, and it might be expected that the

sediments then accumulating might be exceptionally coarse

grained. Another possibility is that the slumping was

actually triggered by a turbidity current with an ab-

normally coarse load which suddenly dumped boulders and

coarse sand on a pile of V/issahickon sediments, perhaps

already at their ma::imura angle of repose. Conceivably,

the boulders could even represent debris from basement
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rocks thrust up during sedimentation.

But, although the exact time and mechanism of

slumping, and the origin of the coarse boulders of meta-

morphic rocks, have not yet been completely explained,

the bulk of the features of the iaykesville Formation are

best explained by repeated large-scale slumping or slid-

ing and mixing of largely unconsolidated sediments be-

longing to the V/issahickon Formation.

Age

The age of the Glenarra Series has been one of the

most disputed problems in Appalachian geology, and the

literature on the subject is voluminous. Good reviews

have been published by Miller (19c5), Mackin (1935),

Cloos and Hietanen (1941) and Swartz (1948).

The present study provides little new evidence

bearing on the problem. The data given below indicate

only that the Glenarm oeries has been affected by a

single major period of metamorphism and deformation, in

Early Paleozoic and perhaps late Precambrian time.

Hence the Glenarm Series must be younger than the meta-

morphism of the Baltimore Gneiss which occurred 1,100

million years ago (Tilton et al, 1960), The part of the

Glenarm Series which crops out along the Potomac River
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must also be considerably older than the late orogenic

pegmatites which intrude the Vvissahickon Formation in

Howard County, and which have been dated at about 450

million years (i'iiddle Ordovician) by Tilton, et al

(1959, p. 172). Hence, the Glenarra Series is considered

Late Precambrian or Cambrian.
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THE INTRUSIVE ROCKS

General Statement

The intrusive rocks along the Potomac range in com-

position from ultraraafic to granitic, and include pre-

kinematic, synkinematic and post kinematic intrusions.

For convenience in discussion, they will be described

under four main headings: the amphibolite, the treraolite

schist and related rocks, the Georgetown Plutonic Complex,

and the lamprophyre dikes. In addition, the gold-bearing

quartz veins near Great Falls are briefly described.

Discussion of the alaskites will be postponed until the

section on the metamorphism. The Triassic diabase dikes

have recently been described elsewhere (Fisher, in press)

and will not be considered here.

Amphibolite

Amphibolite probably derived from diabase occurs in

concordant, sill-like bodies and local cross-cutting

dikes near Bear Island and Stubblefield Falls (Plates I

and II). Most sills are between 50 and 200 feet thick,

but some as thin as two feet have been found. The thick

sills are coarse grained and unfoliated at the center,

and gradually become schistose toward their margins. The

thin sills are schistose throughout.
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The amphibolite consists mainly of hornblende and

andesine (An32) with subordinate amounts of epidote,

biotite, magnetitite, quartz and associated accessories.

Modal and chemical analyses of a typical specimen (M-55)

are listed in Table 7. The normative composition, espe-

cially the high calcium content of the normative plagio-

clase, indicates that the original rock was of basaltic

composition; the presence of normative quartz, together

with the high percentage of AI2O3, further imply that

it crystallized from a high-alumina basaltic magma.

The schistose amphibolite is wholly crystalloblastic,

and retains no textural evidence of its parentage;

commonly the hornblendes are aligned in a strong linea-

tion, at least locally parallel to fold axes in adjacent

metasediments (Figure 22)

.

The coarse grained amphibolite in the center of the

thick sills has a spotted texture, reminiscent of coarse-

grained diabase. The hornblende crystals are clustered

together in rounded clots which probably represent

original pyroxene crystals, set in a matrix of fine,

equigranular plagioclase (Figure 11) . The plagioclase

crystals in the matrix occur in elongated patches, each

made up of small crystals in sub-parallel orientation;

the patches are more or less randomly oriented, and

closely resemble the disoriented plagioclase laths
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Figure 11 : Unfoliated amphibolite from near the

center of a thick sill, showing equidimensional clots

of hornblende set in a matrix of granular andesine;

see text for details. Central part of Bear Island,

Maryland

.
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characteristic of urunetamorphosed diabase.

The texture of the amphibolite, its chemical com-

position, and the fact that it occurs in dikes as well as

sills leave little doubt that it was derived from diabase.

The peculiar hook-shaped body on northeastern Bear Island

could represent a folded sill complete with feeder dike,

but the exposures are too poor to be certain.

The sills are folded together with the enclosing

Wissahickon metasediments, and, as described in the next

chapter, they contain all the tectonic structures found

in the metasediments; therefore they are prekinematic,

and are probably of nearly the same age as the Wissahickon

Formation.

Tremolite Schist and Related Rocks

Tremolite schist and associated chlorite - tremolite

- clinozoisite schist, talc - chlorite schist, and

epidote - chlorite - actinolite schist crops out in two

narrow concordant intrusions, one 1.2 miles east of

Blockhouse Point, and the other just south of Clagett

Island. These intrusions pass into serpentinite along

strike in Montgomery County, Maryland (Cloos and Cooke,

(1953) and in Fairfax County, Virginia (Bennison and

Milton, 1951). Neither intrusion is well exposed, and

neither has been studied in detail.
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Table 7

Composition of amphibolite (M55)
from central Bear Island, Md.

Chemica
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The chlorite - tremolite - clinozoisite schist is

light green in hand specimen, with sinuous layers of

tremolite wrapping around small augen-shaped patches of

clinozoisite. In thin section, most of the tremolite is

aligned parallel to the schistosity, but some forms

coarse plates growing across the schistosity. The optical

properties of the tremolite are variable, even within a

single thin section. Some grains have properties close

to those given by Winchell and Winchell (1951, p. 435)

for normal tremolite: 2V is near -80°, and the extinction

angle is near 20°. Other crystals have a 2V near +80°,

and an extinction angle near 30°, suggesting the presence

of some pargasite in solid solution. The clinozoisite

occurs in clusters of small granular crystals, locally

intergrown with carbonate. The chlorite, a colorless

magnesian variety, occurs in irregular pools, scattered

through the rock, and is commonly intergrown with tremolite

and with small amounts of talc. The estimated proportions

of the minerals in M286-1, a typical chlorite - tremolite

-clinozoisite schist, are:

clinozoisite 40?J)

tremolite 30
chlorite 25
carbonate 5
magnetite tr
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The tremolite and chlorite evidently formed at the

expense of augite, for both locally occur growing in a

mesh of cracks enclosing augite grains in optical contin-

uity, apparently relics of a single original crystal.

The original augite must have been a magnesian variety,

or else much of the original iron must have migrated out

of the rocks, for the only iron-rich mineral now found

is magnetite, and it occurs only in trace amounts.

In the highly sheared schist, the patches of clino-

zoisite are augen-shaped lenses, which retain no textural

evidence of their origin. But in the less deformed

rocks, the patches are rectangular laths, made up of

small clinozoisite crystals in sub-parallel orientation.

These textures, together with the composition of the

clinozoisite patches, suggest that they represent original

plagioclase laths. The preponderance of calcium over

sodium, which occurs mainly in the pargasite component of

the tremolite, suggests that the original plagioclase was

highly calcic.

Judging from this evidence, the chlorite - tremolite

- clinozoisite schist represents metamorphosed gabbro.

The tremolite schist and associated calcite -

tremolite schist is light green or gray in hand specimen.

The schistosity is made visible by a swirled mat of

tremolite needles, randomly oriented in the plane of the
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schistosity. In thin section, the calcite forms a fine

grained mosaic of interlocking crystals, profusely twinned.

The tremolite, which makes up from 50 to 95 percent of

the rock, is zoned from delicate green at the core of the

crystals to colorless at the rim. The 2V is near -85°,

but variable, and the extinction angle is about 17°.

Most of the tremolite needles lie parallel to the schisto-

sity, but some lie athwart the general trend, either as

single prisms, or as sheaves of radiating needles. The

crystals growing across the schistosity show no evidence

of bending, or rolling, and apparently crystalized in a

static environment. Small amounts of pale green chlorite,

commonly associated with magnetite, are also found.

The present mineralogy of the tremolite schist may

not be an infallible guide to its origin. Numerous

calcite ve inlets indicate that there was at least local

migration and segregation of chemical constituents. If

this segregation operated on a large scale, the rock

could represent segregations of tremolite and calcite

derived from the gabbroic rocks which gave rise to the

chlorite - tremolite - clinozoisite schist. Or if chemical

migration was not important, the tremolite schist could

-'Identification confirmed by x-ray diffraction.
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represent metamorphosed pyroxenite, originally containing

diopsidic pyroxene.

The talc - chlorite schist closely resembles serpen-

tinite, but contains a 14 A magnesian chlorite in place

of the 7 A antigorite of serpentinite . The chlorite,

which makes up about 95 per cent of the rock, is a nearly

colorless variety with the following properties:

n^ = n, = 1.587 + .003—X —

y

—

n^ " 1.596 + .003

2V = +(small)

c = 14.15 + .02 A.

According to data published by Hey (1954, p. 284), a

chlorite with these properties has the approximate com-

position:

Mg4.3^®0. 4^^2.7^^2.7010(^^)8,

which falls in the sheridanite composition range. The

chlorite forms a mat of small, randomly oriented flakes,

traversed by sinuous veinlets of magnetite octahedra,

which may mark the grain boundaries of the crystals which

made up the parent rock. There are no relics or pseudo-

morphs to indicate the mineralogy of the parent, but the

absence of calcium-bearing minerals in the present rock

suggests that calcic pyroxene and plagioclase were not

present in appreciable amounts. Probably the rock
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consisted mainly of magnesian olivine or orthopyroxene, or

a mixture of the two.

The reasons for the formation of a chlorite in place

of the more common serpentine are uncertain. Perhaps the

rock simply fell in a compositional field where the

aluminous 14 A chlorite was stable under the conditions of

metamorphism, in place of a 7 A serpentine mineral.

The epidote - chlorite - actinolite schist is dark

green in hand specimen. The actinolite (2V = -75°)

occurs in lenses of unsheared rock, together with magnetite

and sphene. The actinolite commonly forms stout, ran-

domly oriented prisms, and appears to be pseudomorphing

a pyroxene, presumably augite. The magnetite occurs in

large anhedra which are rimmed with a selvage of sphene

and interlock with the pyroxene pseudomorphs
;
probably it

is derived from primary ilmenite or titan-magnetite.

The chlorite, pleochroic in greens, occurs in in-

tensely sheared and granulated parts of the rock, together

with stubby prisms of epidote and sinuous veinlets of

granular magnetite and sphene. In these sheared parts of

the rock, the original pyroxene has evidently been altered

to epidote and chlorite, rather than actinolite, perhaps

owing to a greater availability of water.

The origin of the mafic and ultramafic intrusives

which were metamorphosed to form the treraolite schist and
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associated rocks is uncertain. The rocks could be part

of a small-scale stratiform intrusion, formed in situ,

and later deformed and metamorphosed, or they could have

originally crystallized at depth, and then been thrust

into their present location during regional deformation.

Alternatively, they could be "alpine-type" intrusions,

brought to their present location as a semi-solid crystal

mush, and then altered as deformation continued. The

exposures along the Potomac are too poor and the meta-

morphism too thorough to permit a firm decision between

these possibilities, but the irregular, pod-like form of

the present bodies, the preponderance of ultramafic over

gabbroic rocks, and the magnesian composition of the

mafic minerals are suggestive of the alpine type of in-

trusion (Thayer, 1960).

The intense shearing and metamorphism of the

tremolite schists and related rocks indicates that they

are older than the late orogenic pegmatites of Middle

Ordovician age (Tilton et al, 1959, p. 172). Moreover,

they must be younger than the Late Precambrian or Cambrian

Wissahickon Formation, which they intrude. Hence, they

are considered Cambrian (?) - Middle Ordovician.
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The Georgetown Plutonic Complex

General Statement : An extensive complex of concord-

ant, probably synkinematic intrusions crops out along the

Potomac River near Georgetown, in the District of Columbia.

(Plate I). The intrusions are by far the largest in the

area studied, and they range in composition from ultra-

mafic to granodioritic . For convenience in mapping and

discussion, the intrusions have been divided into four

groups: ultramafic rocks, hornblende quartz diorite, biotite

quartz diorite, and Kensington Gneiss. The first three

groups are together equivalent to the "basic igneous rocks"

of Cloos and Cooke (1953).

Ultramafic Rocks : The ultramafic rocks make up only

a small proportion of the plutonic series, probably less

than 5 per cent by volume. They occur mainly in small

plugs and pod-shaped intrusions along the Virginia bank of

the Potomac, just south of Glen Echo (Plate I). Most of

them are so thoroughly metamorphosed that their original

mineralogy can be only indirectly inferred. It appears

as if the most common rock types were websterite, clino-

pyroxenite and melagabbro.

The rocks thought to be derived from websterite con-

sist mainly of subequal amounts of pale green uralitic
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hornblende, and randomly oriented flakes of chlorite inter-

grown with quartz. Biotite, talc, thoroughly saussur-

itized plagioclase, and clinozoisite are present in

smaller amounts, and there are traces of chromite, mag-

netite and sphene. A modal analysis of 52-A, typical of

this group, is given in Table 8.

The hornblende was evidently derived from augite,

for it locally encloses relics of augite (2V = +50°), and

fingers of hornblende can be seen eating into the relics

along cracks. Some of the chlorite is intergrown with

hornblende and clinozoisite, and was probably also derived

from augite. But the bulk of the chlorite was most

likely derived from calcium-free minerals, either olivine

or orthopyroxene. Fine quartz granules are intergrown

with the chlorite, and appear to be a by-product of the

chloritization. This indicates that the parent mineral

was probably orthopyroxene, which contains more silica per

metal ion than does chlorite, not olivine, which contains

less.

The rocks derived from clinopyroxenites contain little

or no chlorite: They consist almost entirely of uralitic

hornblende, presumably derived from augite.

The rocks derived from melagabbros contain subequal

amounts of uralitic hornblende, chlorite and saussuritized

plagioclase. The composition of the plagioclase is
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Table 8

Modal analyses of rocks from the Georgetown
Plutonic Complex

63

Hornblende
Quartz

Diorite

Ultra-
maf Ic
rocks

Biotite Kensing-
Quartz ton
Diorite Gneiss

52-A 54-A 48-A 113-A 37-A 45-A 122-A

plagioclase
microcline
quartz
hornblende
augite
biotite
rauscovite
epidote
chlorite
talc
magnetite
tourmaline
sphene
apatite
others

points
counted

1.9 10.3 45.3 39.8

8.4 7.5
50.0 23.2
0.1
1.8 t

1.3 37.6
34.7 20.2

9.0
18.5

53.3
3.5

22.9 18.9

1.1
0.2
t

0.2
0.1
0.2

1.1
t

t

0.1

2.0

2.2

t

0.1

3.1

0.5
t
t
0.1
0.6

44.8 42.8

32.3 33.1

19.5 20.0

1.4 3.0

1.2
0.1

0.5
0.2

0.9
t

0.2
t

832 810

color index* 98.1 57.2

% An in plagio-
clase:

819 810

45.7 25.5

64 37 37 35

based on inferred original mineralogy.

37

36.0
7.2

31.2

16.9
4.1
4.4

0.1
0.1
t

100.0 100. 100.0 100.0 100.0 100.0 100.0

807 802 839

22.3 23.9 21.5

32

Note : Constituents are given in volume per cent, based on
THe proportion of the indicated number of randomly
selected points, t = present in trace amounts.

52-A: Meta-websterite; 1,300 feet southwest of Chatauqua
Island, Md.

54-A: Metamorphosed melagabbro; 1,500 feet southwest of
Rupert Island, Md.
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Notes for Table 8 (Continued)

48-A: Hornblende quartz diorite; 1,500 feet southwest
of Cabin Johns Island, Md.

113-A: Hornblende quartz diorite; Rock Creek Park,
Washington, D.C.

37-A: Biotite quartz diorite; south of Langley Island,
Md.

45-A: Biotite quartz diorite; 1,500 feet south of
Minnie Island, Md.

122-A: Kensington granodiorite gneiss; Klingle Park,
Washington, D.C.
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variable, depending on the degree of saussuritization;

the most calcic plagioclase found in these rocks, pre-

sumably the one closest to the original composition, is

Ang.-*-. Accessory minerals are the same as in the more

mafic rocks, except that chromite is absent. A modal

analysis of a representative melagabbro (54-A) is given

in Table 8. In this sample, the bulk of the clinozoisite

is embedded in the plagioclase, and is presumably

derived from it. The remainder of the clinozoisite is

intergrown with chlorite, which, together with the horn-

blende, was probably derived from a calciferous pyroxene.

Other chlorite, intergrown with talc and quartz, has

probably replaced orthopyroxene . Some of the quartz is

interstitial to the relict plagioclase crystals, and

appears to be pyrogenetic (Figure 12) . Based on this

evidence, the original mineralogy was probably close to:

augite 43%
plagioclase 38
orthopyroxene 14
quartz 5

The occurrence of primary quartz in so mafic a gabbro is

surprising, but it accords with the silicious character

of the other members of the Georgetown complex.

•The plagioclase compositions given in this section
have been estimated from the maximum extinction angles in
the zone perpendicular to [010], using curves published by
Winchell and Winchell (1951, p. 262).
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Figure 12: Photomicrograph of melagabbro, showing

quartz (q) that appears to be pyrogenetic molded around

laths of complexly twinned labradorite (p) partly

altered to epidote (e) . Uralitic hornblende (h) is

derived from clinopyroxene . Locality is 2,000 feet

west of Sycamore Island, Maryland (X 50, crossed

nicols)

.

Figure 13 : Photomicrograph of relatively unmeta-

morphosed hornblende quartz diorite, showing skeletal

crystals of hornblende (h) , coarse flakes of biotite

(b), and euhedra andesine (p) containing granular

epidote, all enclosed by interstitial quartz (q)

.

Rock Creek Park, V/ashington, D.C. (X 20, plane light).
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Hornblende Quartz Diorite : The bulk of the George-

town complex consists of hornblende - biotite quartz

diorite, called hornblende quartz diorite for simplicity.

It crops out interraittantly along the Potomac River east

of Cabin John Creek, and at several places along Rock

Creek in Washington, D.C. (Plate I). It occurs mainly

in elongate pod-shaped intrusions, set off by thin septa

of metasedimentary rock, and contains numerous inclu-

sions, among them fragments of the ultramafic rocks. The

ultramafic inclusions suggest that the hornblende quartz

diorite is younger than the ultramafic rocks, although no

outcrops proving intrusion of the former into the latter

have been found.

In outcrop, the hornblende quartz diorite commonly

has a pronounced flow foliation, made visible by elongate

clots of biotite and hornblende, and by tabular crystals

of plagioclase. The foliation parallels the contacts of

the intrusions, and wraps around the inclusions.

The hornblende quartz diorite has been metamorphosed

to a variable degree, and consequently its present

mineralogy varies widely. The relatively unaltered rock

contains irregular, almost skeletal crystals of dark

green, deeply pleochroic hornblende, commonly surrounded

by clots of dark brown biotite, partly altered to chlorite;

these are set in a matrix of subhedral, complexly twinned
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plagioclase, enclosed by interstitial quartz (Figure 13).

The plagioclase is zoned from about An43 at the center

of the crystals to An2'7 at the rim; its average composi-

tion is probably close to An3y. Smaller amounts of

epidote, allanite, apatite, garnet and tourmaline are

also found. Modal analyses of typical unaltered horn-

blende quartz diorite (113-A and 48-A) are listed in

Table 8.

Where the hornblende quartz diorite has been meta-

morphosed, the hornblende is altered in places to a pale

green actinolite, and elsewhere to chlorite plus epidote;

the biotite is chloritized; and the andesine is altered

to sodic plagioclase plus epidote. Commonly, these

mineralogical changes are accompanied by the development

of a secondary schistosity cutting the primary flow

foliation. The chlorite and uralitic amphibole com-

monly parallel the schistosity, and the quartz and feld-

spar are pulled out into augen-shaped lenses, elongated

parallel to the schistosity.

Three facts suggest that the hornblende quartz

diorite and the ultramafic rocks may be differentiates of

a common magma. These facts are: their close spatial asso-

ciation; their comparable degree of metamorphism, sugges-

tive of a similar age; and the chemical similarity evidenced

by the presence of primary quartz in both. Differentiation
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could have been by fractional crystallization involving

quiet settling of crystals, or perhaps by some combina-

tion of magmatic and tectonic processes, as envisioned

by Thayer (1960) for the Alpine type of intrusion.

Unfortunately, the metamorphism has effectively obscured

the original textures of most of the ultraraafic rocks,

which might have been helpful in deciding between these

two possibilities. But in either case, the occurrence

of the hornblende quartz diorite in separate intrusions,

rather than in interstratif ied layers, indicates that any

differentiation that might have operated took place below

the present level of erosion.

Biotite Quartz Diorite : Biotite quartz diorite

crops out along the Potomac River west of Cabin John

Creek, mainly as elongate concordant bodies separated by

thin septa of older rocks, but locally in discordant plugs

(Plate I) . It also occurs locally within the hornblende

quartz diorite intrusion at Georgetown University, and

along Rock Creek in Washington, D.C

In outcrop the biotite quartz diorite typically has

a strong flow foliation with aligned flakes of biotite

and tabular crystals of plagioclase. The foliation paral-

lels the contacts with the wall rock, and swirls around

the inclusions. Locally it fades out into unfoliated rock

(Figure 14)

.
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Figure 14 : Partly assimilated inclusions of mica

schist (i) in foliated biotite quartz diorite (f),

which grades into massive biotite quartz diorite (m)

.

Note that the foliation in the biotite quartz

diorite parallels the margins of the inclusions, and

cuts across the schistosity inside the inclusions.

Sketched from an outcrop 500 feet south of Langley

Island, Maryland.
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Figure 15 : Photomicrograph of relatively unmeta-

morphosed biotite quartz diorite, showing coarse

flakes of biotite (b) , euhedra of saussuritized

andesine (p) , and stubby crystals of epidote (e)

,

all enclosed by interstitial quartz (q) . From

500 feet south of Langley Island, ilaryland. (X 20,

plane light)

.

Figure 16 : Photomicrograph of relatively unmeta-

morphosed Kensington Gneiss, showing coarse flakes

of muscovite (ms) and biotite (b) , enclosed in a

matrix of granular oligoclase (p) , microcline (rac),

and quartz (q) . Klingle Park, Vr'ashington, D.C.

(X 20, crossed nicols)

.
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The mineralogy of the biotite quartz diorite varies

widely, reflecting the degree of metaniorphism. The least

metamorphosed rocks contain coarse books of dark brown

biotite and euhedral crystals of complexly twinned andes-

ine (zoned from An45 at the core to An25 at the rim) en-

closed by interstitial quartz (Figure 15). The biotite

is commonly clustered into small, irregular clots which

also contain epidote and magnetite. Accessory minerals

include apatite, zircon, pyrite and hematite. Modal

analyses of 45-A and 37-A, both representative of the

unaltered biotite quartz diorite, are given in Table 8.

The more intensely altered rocks have a string meta-

morphic foliation or schistosity, paralleled by flakes

of chlorite derived from the biotite. The interstitial

quartz is crushed and strung out along the schistosity,

but the plagioclase was apparently more resistant to de-

formation, for it is preserved as rolled knots or augen,

displacing the schistosity.

The hornblende quartz diorite and the biotite quartz

diorite may be differentiates of a common magma. This

is suggested by their close spatial association; their

similar age, indicated by their comparable degree of

metamorphism; and their petrographic and chemical simil-

arity.
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In most places, as at Cabin John, Maryland, the

biotite quartz diorite and the hornblende quartz diorite

occur in separate intrusions. In these occurrences, any

differentiation which may have operated must have taken

place below the present level of erosion.

But locally, as along the bluffs above the Potomac

at Georgetown University, biotite quartz diorite occurs

as thin layers, too small to be mapped separately, with-

in the larger mass of hornblende quartz diorite. The

primary foliation is parallel in the two rock types, and

there is no evidence to indicate intrusion of one into

the other. It is possible that these two rock types were

differentiated in situ from a common magma, but the

mechanism of differentiation is unknown.

Most of the biotite quartz diorite near Cabin John

has been strongly deformed and somewhat recrystallized

since its intrusion, and so it is probably of nearly the

same age as the hornblende quartz diorite, which has been

altered to a similar degree. But 1,200 feet southeast

of Dots Island are two sharply discordant plugs of biotite

quartz diorite which show no sign of deformation, and

which may be distinctly younger than the hornblende quartz

diorite. These relations suggest that the biotite quartz

diorite is mostly of the same age as the hornblende

quartz diorite, but that some intrusions are slightly

younger.
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Kensington Gneiss : The Kensington Gneiss crops out

in elongate to irregular intrusions in the Washington,

D.C. area (Plate I). The gneiss has a strong foliation,

made visible by aligned flakes of muscovite and biotite,

but shows no strong segregation banding.

In thin section, the Kensington Gneiss has a strong

crystalloblastic texture (Figure 16) . There is no con-

vincing evidence whether the texture is protoclastic or

cataclastic, or whether the minerals are pyrogenetic or

metamorphic.

The mineralogy is variable. Most samples of the

gneiss contain clumps of coarse, euhedral biotite and

muscovite flakes, enclosed by equigranular microcline,

oligoclase and quartz (Figure 16) . Epidote and magnetite

are concentrated with the micas, and the accessories in-

clude apatite, sphene, hematite and zircon. A modal

analysis of 122-A, typical of this group, is given in

Table 8. Some other samples contain garnet. In these,

muscovite is typically more abundant, and biotite less

so than in the rocks which lack garnet. The garnet in

71-A has the composition Sp'7'7Gr23 (Table 15).

The close spatial association between the Kensington

Gneiss and the other members of the plutonic complex at

Georgetown suggests that the magma which formed the Ken-

sington Gneiss may have differentiated from the magma
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which lead to the other rock types. But gradations be-

tween the Kensington Gneiss and the more mafic members of

the complex have not been found, and the gneiss invariably

occurs in separate intrusions, so that if any differentia-

tion did occur, it must have taken place below the present

level of erosion.

Both along Rock Creek, north of Boundary Oaks Park,

and along the Potomac River, near Sycamore Island, the

Kensington Gneiss cuts across the trend of the foliation

in the hornblende quartz diorite, and the map pattern

suggests that the Kensington intrudes the hornblende

quartz diorite. In addition, thin apophyses of Kensing-

ton Gneiss intrude the hornblende quartz diorite and

associated biotite quartz diorite along the Virginia Bank

of the Potomac, west of Snake Island. These facts in-

dicate that the Kensington Gneiss is younger than both

the hornblende quartz diorite and the biotite quartz

diorite.

Age : The age of the Georgetown Plutonic Complex is

not precisely known. The extensive metamorphism of the

rocks of the complex shows that most were emplaced well

before the end of regional deformation. Hence they are

older than the late erogenic pegmatites which were dated

by Tilton et al (1959, p. 172) at approximately
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450 mill^Lon years (Middle Ordovician) . A maximum limit

to the age of the complex is more difficult to specify.

Zircons in the hornblende quartz diorite and the Kensing-

ton Gneiss give discordant ages ranging between 570 and

500, and 550 and 400 million years respectively, and

cannot be used to date the intrusions accurately (Davis

et al, 1958, p. 178; and Davis et al, 1960, p. 158).

But the ages are broadly similar to discordant ages ob-

tained from many intrusions in other parts of the Pied-

mont (Hopson, personal communication). The similarity

of the ages suggests that the Georgetown Complex was

emplaced during a period of extensive intrusion in Early

Paleozoic time. On this basis, the Georgetown Plutonic

Complex is considered Early Cambrian (?) to Middle

Ordovician.

The Mechanism of Intrusion : An intrusive origin for

the rocks of the plutonic complex is demonstrated by the

sharp, cross-cutting contacts; the flow foliation, which

parallels the contacts, but locally cuts across the

schistosity in the wall rocks; and the diverse types of

inclusions, some of them not found in the adjacent wall

rocks

.

Two facts suggest that the rocks were intruded after

the beginning of regional deformation and metamorphism:
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1. the intrusions contain fragments of schistose

wall rocks, and generally parallel the trend of schistos-

ity in the wall rocks;

2. there is no detect ible thermal aureole around

the intrusions, suggesting that the wall rocks were

already at high temperatures prior to intrusion.

But the degree of crushing and recrystallization of many

of the intrusions indicates that they were emplaced prior

to the end of deformation. Therefore, the intrusions are

probably synkinematic.

Most of the intrusions contain abundant inclusions

of the wall rocks suggesting that they were emplaced partly

by stoping; but nowhere is there a volume of inclusions

equal to the volume of intrusive rock, and although some

of the inclusions may have been assimilated, it seems

necessary to invoke some other mechanism of intrusion to

accommodate the large volumes of rock with few, if any,

inclusions

.

Forceful injection may have played a part in the in-

trusion, but only rarely does the schistosity in the

country rocks bend around the intrusions, and there is no

evidence of crumpling or extreme deformation at the con-

tacts of the intrusions. Surely some deformation would be

expected in the long, thin septa locally found between
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adjacent intrusions, had the magma forced its way bodily

upward

.

A more likely possibility is that the rocks were

emplaced by permissive intrusion. The synkinematic age

and regional distribution of the intrusions tend to favor

this interpretation; the intrusions are concentrated in

the nose of the Baltimore Anticlinorium at Washington,

and they are especially abundant along the lower contact

of the Sykesville Formation (see Cloos and Cooke, 1953).

It seems quite likely that the Sykesville Formation was

arched upward during the folding, creating local low

pressure pockets at the crest of the anticlinorium, into

which the available magma gradually seeped.

Lamprophyre Dikes

On northern Bear Island, three lamprophyre dikes

composed chiefly of minette are intruded along fractures

parallel to a northeast-trending be joint set, and are

slightly offset along a cross-cutting fault.

In hand specimen, the lamprophyre is a dark green

unfoliated rock, with books of fresh biotite five milli-

meters long set in a fine grained, biotite-rich matrix.

In thin section, the biotite phenocrysts have dark olive

green rims containing sagenitic webs of rutile, and have
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somewhat lighter brown centers. The large biotites are

set in a matrix of olive green biotite and pale green

actinolite (2V = -75°), locally with a tinge of blue,

possibly indicating the presence of some soda. Both the

biotite and the actinolite are enclosed by albite,

epidote, zeolitized microcline and quartz. Needles of

apatite and patches of carbonate are also present.

The lamprophyre dikes were emplaced toward the close

of regional deformation, as indicated by their discordance,

their lack of metamorphism, and by the fact that they

are offset along faults. Probably they are comparable in

age to the late erogenic Middle Ordovician pegmatites of

Tilton et al (1959, p. 172).

Gold-bearing Quartz Veins

Numerous discordant gold-bearing quartz veins rang-

ing from 2 to 15 feet thick occur along the Maryland bank

of the Potomac near Great Falls. The veins were once

mined for gold, and descriptions of the veins and working

have been published by Weed (1905). The mines are now

closed, and most of the shafts have collapsed, so that

detailed study of the veins is impractical.

Weed reports that the gold occurs free, commonly

associated with galena, and also disseminated through
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pyrite. The quartz is massive and coarsely crystalline,

but shows ghost outlines of comb structure. The mineralogy

and the comb structures suggest that the veins were pre-

cipitated by hydrothermal fluids in open fissures, but no

detailed study of their origin has been attempted.

The veins are offset along local faults, but are

unfolded. Hence they probably formed towards the close of

regional deformation, at about the same time as the near-

by lamprophyre dikes.
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TECTONIC STRUCTURES

General Statement

The rocks along the Potomac display a wide variety

of tectonic folds, planar structures and lineations,

apparently representing different stages in a single, pro-

longed period of deformation, more or less contemporan-

eous with metamorphism. The first structures to form,

in many of the rocks, were flexural folds, accompanied

by bedding schistosity. As the folds became more

appressed, they evolved into flow and finally shear

folds, and an axial plane cleavage was developed. Slip

cleavage, locally grading into axial plane schistosity,

formed near the close of regional deformation. Finally,

at least three joint sets developed and minor normal

faulting occurred.

In this chapter, the large-scale structures which

can be mapped in the field are described first, and then

the small-scale structures visible in outcrop and in

thin section are discussed.

Large-Scale Structures

Superimposed on the Woodstock Anticlinorium are the

many smaller folds shown on the geologic maps and cross-

sections (Plates I and II). The best exposed are on
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Bear Island, just east of Great Falls, and have been

described by Cloos and Anderson (1950) and by Reed and

Jolly (1962). In the central part of Bear Island, a

thick metagraywacke unit crops out in a south-plunging

syncline (Plate II). Within this syncline, amphibolite

sills trace out subordinate folds, of which the best

exposed is illustrated in Figure 17. The fold is a

nearly isoclinal south-plunging anticline; schistosity

in the amphibolite parallels the contacts, while that in

the metagraywacke parallels bedding.

Another folded amphibolite sill on the eastern tip

of Bear Island is enclosed by mica schists, and shows

pronounced crestal thickening (Plate II). In this fold

also, schistosity in the amphibolite parallels the con-

tacts, but the schistosity in the mica schist at the

crest of the fold is nearly parallel to the axial plane.

Other large-scale folds near Bear Island are the

south-plunging anticline at the northern tip of the island,

and the north-plunging anticline well exposed on the

Virginia bank of the Potomac, near Black Pond (Plate II).

The folded lense of the Sykesville Formation at

Offutt Island is also an anticline, as shown by the con-

vergence of its limbs to the north, and by the north-

plunging minor folds (Plate II).
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F igure 17 : Map of anticline containing amphibol-

ite interlayered with raetagraywackes of the

Y/issahickon Formation. Note xiow schistosity (S2)

in amphioolite parallels the contacts and the

bedding in the 'Yissahickon Formation, and how

lineation in amphibolite parallels fold axes in

the raetagraywackes. Modified from may oy Cloos

(Cloos and Anderson, 1950, Fig-ure 1). Central part

of Bear Island, Maryland.



//

/ /

iuO Feet

Amphiboiite.

y'i^ iVissahickon oietagraj'AbcKe .

"'>v^ tichistusity in ajiphiboiite , sh^Aing
striKe ana aip.

^ faeooing ano schistcsity in Jietagraj' Aiicke
,

shoAing trend ana aip; vertical Aith
double points.

Hcrnblenae lineation in aaiphiboiite , ana
fola a^es in aetagia^AtCKe

.

iaoiple uocaLicns.





80

Farther west, at Swain's Lock, graded bedding and

bedding cleavage relations in metagraywackes bounding a

zone underlain mainly by argillaceous rocks suggest that

the argillaceous zone is the core of an anticline

(Plate I, cross-section AA').

Along the bluffs at Blockhouse Point, metagraywackes

trace out several assymetric folds, overturned to the

west (Figure 18) . The limbs of the folds are of markedly

different lengths, with the cleavage nearly parallel to

the longer limb, but sharply inclined to the shorter

limb (Figure 19)

.

At least two large faults can be mapped just south

of Great Falls (Plate II). The river follows the longer

of the two for a short distance in a spectacular gorge

along northern Bear Island. The fault strikes 330*^, but

its dip is unknown. Offset of three lamprophyre dikes in-

dicates that the component of slip along strike was about

100 feet dextral; an anticline of metagraywacke on the

northeast bank of the river is faulted out, indicating that

the southwest side is downthrown by at least 1,000 feet,

and possibly more. The shorter fault is exposed for most

of its extent in southern Great Falls Park, and may be

traced by offsets in metagraywacke beds. It is approximate-

ly vertical, and strikes 115°. Near Rocky Islands, the

northeast side is downthrown an unknown amount; the strike
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Figure IS : Pattern of folds along the bluffs at

Blockhouse Point, Jto.ryland, as reconstructed from

discontinuous outcrops.

Figure 19 : Sketch of axial plane cleavage (Sg) cut-

ting bedding in a raetagraywacke - phyllite sequence

of the Wissahickon Formation. Cleavage in the

phyllite is closely spaced, while that in the meta-

graywacke is more widely spaced, and the meta-

graywackes are locally broken into cleavage mullions

Blockhouse Point, ^Maryland.
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slip is about 200 feet sinistral, as indicated by offset

of metagraywacke beds. The fault gradually dies out

along strike to westward until, 1,500 feet to the west,

it becomes merely a sharp kink in the bedding, plunging

steeply south.

No evidence of major overthrusting was found along

the Potomac River,

Planar Structures

General Statement : Six main types of planar struc-

tures have been found in the rocks along the Potomac

River: bedding, flow foliation in igneous rocks, bedding

schistosity, axial planes of aligned plications, slip

cleavage, and axial plane cleavage. The most character-

istic features of these structures are summarized in

Table 9.

In discussing these structures, it is convenient to

classify them according to their sequence of formation,

using Sander's (1911, p. 280) numerical classification

system. Bedding was the first planar structure to form

in the metasedimentary rocks, and is therefore termed

S^. In the metaigneous rocks, the primary flow foliation

may be called Sj^. The earliest detectable metamorphic

structure is bedding schistosity, termed S^. In many
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Table 9

The Planar Structures

Bedding ; Primary compositional layering in meta-
sediments, not necessarily accompanied by mineral
orientation S 1

Primary Flow Foliation : Parallel orientation of
tabular pyrogenetic crystals in intrusive rocks . Sq^

Bedding Schistosity : Secondary mineral orienta-
tion and segregation banding parallel to bedding
in all parts of folds So

Axial Plane Structures ; So and S^

Axial Plane Cleavage or Schistosity ; Fissility
parallel to axial planes of folds, caused by the
parallelism of platy minerals throughout the
rock.

Slip Cleavage : Sets of crinkles, or microshears
spaced about 1/2 to 2 mm apart, and separated by
thin septa of unsheared rock.

Axial Planes ox Plications : Axial planes of small
similar folds, developed in sets parallel to the
axial planes of larger folds, and commonly con-
centrated in the axial regions of the fold.
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places, axial plane cleavage, slip cleavage or the axial

planes of plications cut across S2. Ac. described below,

these three structures are gradational into one another,

and where closely associated, the cleavages contain

mineral assemblages suggesting that they formed under

closely similar conditions. For these reasons, the three

structures are collectively treated as a single struc-

tural "generation", called S^. In places, S3 is cut by a

later slip cleavage or axial plane schistosity, S4.

S],: Bedding and Primary Flow Foliation: Bedding

and primary flow foliation are described in the chapters

on the metasedimentary and the intrusive rocks, res-

pectively, and will not be considered here.

S2: Bedding Schistosity: A schistosity parallel

to bedding has been described from rocks along the Potomac

by Cloos and Anderson (1950), Cloos (1954), and Reed and

Jolly (1962). It is best seen in the competent meta-

grajnvackes and amphibolites near Bear Island, where it

may be traced around the crest of both minor folds visible

in a single outcrop (Figure 31), and larger folds mapped

in the field (Figure 17)

.

Some geologists, notably Jonas (1937) and Stose and

Stose (1944) have suggested that schistosity parallel to
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bedding in the Piedmont is a refolded axial plane

cleavage, not a true bedding schistosity. But if this

were the case, intermediate stages in the refolding

should be visible, especially in the more competent

rocks. No such intermediate stages have been found

along the Potomac River, even where exposures are essen-

tially continuous. Even if the original folds had been

completely sheared out along the cleavage, they should

be revealed by otherwise inexplicable reversals of

graded bedding in the metagraywackes. Such reversals

are not found. For these reasons, the schistosity paral-

lel to bedding on the crests of folds in the metagray-

wackes and amphibolites is considered true bedding schis-

tosity. Where they are only weakly folded, the pelitic

rocks may also show bedding schistosity parallel to that

in interbedded metagraywackes.

In the metagraywackes of the sillimanite zone near

Bear Island, S2 consists of thin laminae of parallel

micas and lesser amounts of magnetite and epidote, alter-

nating with quartzose layers 1 to 5 millimeters thick.

Some quartzose layers are virtually monomineralic; others

contain plagioclase, or a few mica flakes, typically

smaller and less well oriented than those in the predom-

inantly micaceous layers.
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In the aitiphibolites, S^ is best developed in the

thin sills and near the contacts of the thick sills. It

is especially well displayed in the anticline of amphibo-

lite interlayered with metagraywacke on Bear Island

(Figure 17). In the amphibolite, S2 is made visible by

layers rich in aligned hornblende prisms and magnetite,

alternating with thin plagioclase - epidote laminae; it

may be traced completely around the crest of the fold,

and is everywhere parallel to the contact with the over-

lying metagraywacke

.

In the pelitic rocks, Sq is difficult to identify

with certainty, partly because of the rarity of well de-

fined bedding, and partly because of obliteration by

axial plane cleavage. However, in a few rocks, typically

in very open folds, or along the straight limbs of

tighter folds, the schistosity is parallel to S2 in inter-

bedded metagraywackes. In these schists, S2 consists of

layers of coarse-grained subparallel micas and swirled

bundles of sillimanite needles, alternating with discon-

tinuous stringers of coarse-grained quartz or quartz and

feldspar. Epidote and magnetite are commonly concentrated

with the micas.

In the lower grade garnet - biotite and chlorite -

biotite schist west of Great Falls, Sg is less well devel-

oped. The micas are smaller and only a few coarse-grained
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quartz veinlets reflect segregation banding parallel to

In the phyllites near Seneca, S2 is generally absent

or very poorly developed. In most rocks there the only

structures parallel to bedding are thin, contorted quartz

veinlets, cut by axial plane cleavage. In a few places,

a weak schistosity parallel to crumpled bedding can be

detected, which may be an incipient bedding schistosity;

but it could also be axial plane cleavage, coincidentally

parallel to bedding, which has been crumpled by further

deformation.

Several facts suggest that the bedding schistosity

formed chiefly by tectonic processes, rather than by

such non-tectonic agencies as mimetic recrystallization.

Gently folded metagraywackes on northern Bear Island

contain well-preserved clastic grains, and show little

or no preferential orientation of the micas (Figure 5)

.

Nearby rocks with more strongly crushed clastic grains

show a correspondingly better orientation of the micas

(Figure 6). There exist all gradations between these

examples and rocks with well-developed S2, where the

detrital grains have been granulated into thin stringers,

drawn out parallel to the schistosity. The sympathetic

relationship between the development of S2 and the crush-

ing of the clastic grains in these rocks indicates that
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the S2 formed in large part by slippage parallel to bed-

ding.

Moreover, specimen 192-C, a sample of metagraywacke

from the crest of the anticline in Figure 17 which shows

well-developed S2 and lacks S3, has a strong tectonite

fabric. In a thin section cut normal to fold axes, the

micas show a strong maximum normal to S^, and a weak girdle

around b (Figure 20) . Quartz c-axes are distributed in a

small girdle around b, and in four subsidiary maxima on

the periphery of the diagram (Figure 21) . This fabric

clearly shows that S2 formed during foling, not in a static

environment.

Similarly, the c-axes of the hornblendes in the folded

amphibolite in Figure 17 are aligned in a strong linea-

tion, easily visible in thin sections cut parallel to the

schistosity (Figure 22) . Field measurements and deter-

mination of the trend of 100 hornblend crystals in an

oriented thin section (192-3) show that the lineation is

statistically parallel to fold axes in the overlying meta-

graywacke (Figure 23) . Again, this shows that S2 formed

during folding, and not in a static environment.

These facts suggest that S2 formed chiefly by differ-

ential slip parallel to bedding in the metasedimentary

rocks, and parallel to the contacts of the amphibolites

.

The occurrence of S2 throughout large volumes of rock
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Figure 20 : Equal area projection (lower hemisphere)

of poles to cleavage in 100 biotite flakes in meta-

graywacke with undisturbed S2. Section is perpen-

dicular to the axis of an open fold at the crest of

the anticline in Figure 17. The symbol at the center

of the plot indicates the attitude of the diagram

in space. Arrow indicates azimuth of strike of

plane of diagram measured from true north. Dip read-

ings greater than 90° indicate that the plane of the

diagram is overturned. Contours are 15%, 11%, 9%,

7%, 5%, and 2%.

Figure 21 : Equal area projection (lower hemisphere)

of the c-axes of 100 quartz grains in the above meta-

graywacke . Contours are 7%, 5%, A%, 3%, and 2%.









Figure 22 : Photomicrograph cut parallel to S2 in

amphibolite from crest of anticline in Figure 17,

showing lineation of hornblende crystals (h) . Light

colored matrix is mainly andesine, with minor

quartz; opaques are magnetite (X 50, plane light)

.

Figure 23 : Equal area projection (lower hemis-

phere) of fold axes in metagraywacke (o), and horn-

blende lineation in amphibolites as measured in

outcrop (x) and as measured in the thin section

illustrated in Figure 22 (.)• The tic mark indic-

ates true north. All measurements are from within

the area mapped in Figure 17.
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further indicates that the slippage was not a simple

sliding along discrete bedding planes, but was a pene-

trative movement, affecting every grain in thick sequences

of rock.

The exact mechanism whereby individual mineral

grains became oriented parallel to S2 is uncertain.

The b-lineation of hornblende crystals in the amphibolites

could be explained by rolling and subsequent enlargement

by recrystallization of cleavage-controlled needles.

The maxima in the quartz diagram correspond roundly to

Fairbairn's (1949, p. 121) theoretical maxima I, V, VI,

and VII, and could be due to orientation of quartz needles

whose shape was controlled by fractures parallel to

the (1010) or (1120), (0001) and (1011) or (OlTl) crystal-

lographic planes. The orientation of the micas could be

explained as due to preferential growth of seed crystals

or crystal nuclei, oriented parallel to the schistosity.

But without further work, all of these mechanism must be

regarded only as possible explanations.

Similarly, the origin of the delicate compositional

banding developed along S2 is not entirely clear. The

alternation of thin micaceous laminae with the quartzose

layers in the metagraywackes probably reflects in part

the original sedimentary banding. But the coarsely re-

crystallized pure quartz stringers, and especially the
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layers composed almost entirely of micas, epidote and

magnetite have unusual compositions for graywackes, and

almost certainly formed partly by metamorphic segrega-

tion, probably accentuating sedimentary layering.

In the lower grade rocks west of Great Falls, the

comparatively poor development of S^ may be due partly to

less complete recrystallization than in the higher grade

rocks at Bear Island. But the absence of penetrative

slip parallel to bedding, suggested by the preservation

of clastic textures in many rocks, was probably the major

factor inhibiting the development of S2.

S3: Axial Plane Cleavage, Slip Cleavage and the

Axial Planes of Plications ; S2 is intersected by three

main types of structures: aligned axial planes of plica-

tions, slip cleavage, and axial plane cleavage. These

three structures are collectively termed S3 because they

grade into each other, and because they commonly contain

mineral assemblages which show that they formed under

closely similar physical conditions. They are statistically

parallel to the axial planes of folds, but may also paral-

lel bedding on the limbs of isoclinal folds, where axial

plane schistosity may be indistinguishable from bedding

schistosity.
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The plications are sets of small similar folds pucker-

ing the bedding schistosity; they have an amplitude of

2 to 30 millimeters, typically show pronounced crestal

thickening, and persist vertically for several times

their amplitude (Figure 32). They are most common near

the crests of larger folds, and their axes and axial

planes statistically parallel those of the fold on which

they are superimposed. Desitter (1958, p. 279) has aptly

termed such plications "parasitic folds".

The more open plications show no mineral orienta-

tion or segregation parallel to their axial planes; micas

are bent, but lie in the crumpled bedding schistosity.

The slip cleavage consists of minute crinkles in

S2, whicn persist vertically for several times their

amplitude; the limbs of the crinkles are aligned in planes,

called slip cleavage planes, which are spaced from 1/2 to

2 millimeters apart, and are steeply inclined to S2

(Figure 24). The micas on the crests of the crinkles lie

nearly in their original orientation parallel to S2, but

those along the limbs are bent towards the slip cleavage

planes. Locally, shearing has occurred along the slip

cleavage planes, so that the limbs of the crinkles are

disrupted. Most S3 slip cleavage planes are statistically

parallel to the axial planes of plications and minor folds,

but within individual plications, they fan slightly.
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Figure 24 : Photomicrograph of phyllite from the

Wissahickon Formation, showing slip cleavage marked

by aligned sets of crinkles (S3) intersecting bed-

ding schistosity (S2) . Note absence of any pro-

nounced segregation banding along So. From 2,000

feet north of Watkins Island, I^Iaryland (X 20).

Plane light.

B. Crossed nicols.
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converging toward the crests and troughs (Figure 25)

.

In many rocks, there is no compositional banding

parallel to the slip cleavage (Figure 24), but in

others micas are segregated along the slip cleavage

planes (Figure 26). Where this is the case, the mica

species concentrated along the slip cleavage planes are

most commonly in the same relative proportion to each

other as in the rest of the rock. But locally, as in

83-A, the cleavage planes are preferentially enriched

in chlorite or biotite; the individual flakes show

straight extinction, and are too large to have been

oriented by simple rotation out of the bedding schistos-

ity (Figures 26 and 27).

The axial plane cleavage or schistosity is a fis-

sility parallel to the axial planes of folds, due to

the parallelism of platey minerals. It differs from

slip cleavage in that the micas are aligned parallel to

the axial planes throughout the rocks, not merely along

discrete zones.

In the phyllites and chlorite - sericite - quartz

schists near Seneca, the axial plane cleavage is a

smooth, lustrous surface made up of very fine micas in

near-perfect parallel orientation. In the interbedded

metagraywackes, the cleavage is more widely spaced. In

places, the metagraywackes are split into cleavage
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F igure 25 : Photomicrograph of quartz - mica

schist from the Wissahickon Formation, showing

slip cleavage (S3) cutting bedding schistosity (Sg)

.

Note that S3 is statistically parallel to the

axial planes of the plications in the quartz vein-

lets, but converges slightly toward the crest and

trough of the plications. Slight offsets along the

slip cleavage planes show some shearing along S3,

but shearing was not enough to disrupt the thick

quartz veinlet. From 2,000 feet west of V.'atts Branch,

Maryland (X 20)

.
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Figure 26 : Photomicrograph of quartz - mica schists

from the Wissahickon Formation, showing well-

developed slip cleavage (S3) intersecting bedding

schistosity (S2) . Note segregation of light, fine-

grained rauscovite and dark, coarse-grained biotite

along the slip cleavage planes. From 2,000 feet

west of mouth of Watts Branch, Maryland (X 20, plane

light).

Figure 27 : Photomicrograph showing detail of coarse

biotite—which is too large to have been oriented by

mechanical rotation alone—segregated along the slip

cleavage planes in the rock figured above. (X 50,

plane light).
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mullions, angular slabs lying parallel to the cleavage,

and drawn out along the cleavage (Figure 19).

In the biotite and garnet-bearing rocks 2 to 3 miles

farther east, the axial plane cleavage differs in that

the micas are coarser grained, and are commonly segreg-

ated into thin laminae 1/2 to 2 millimeters apart, al-

ternating with more quartzose layers.

In the higher grade sillimanite - mica schists near

Bear Island, the axial plane "cleavage" is actually a

schistosity, represented by sinuous laminae of coarse

micas in parallel orientation, alternating with thin,

discontinuous quartz veinlets. Locally the veinlets are

isoclinally folded, and appear to be remnants of dis-

rupted plications. In the interbedded metagraywackes,

an axial plane schistosity is developed in some espe-

cially tight folds; micas are fine grained and strongly

oriented, but show little or no segregation banding.

Despite local exceptions, the S3 plications, slip

cleavage, and axial plane cleavage commonly grade into

one another, and show a regular sequence of formation

which suggests that they represent different stages of

a single process of formation.

The similar form and pronounced crestal thickening

of the relatively open plications, together with the lack

of any axial plane cleavage or evidence of shearing, indicates
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that the plications are small ilowage folds (see Cloos,

1947a, p. 902). And since the axes and axial planes of

the plications parallel those of the larger folds on

which they are superimposed, the flowage must have been

fixed in direction, parallel to the axial planes of the

larger folds.

In more attentuated plications, slip cleavage is

common parallel to the axial plane. The sets of small

crinkles which mark the early stages of slip cleavage

development are minute flowage folds, as indicated by

their similar form and the absence of any true shearing

surfaces. The slip cleavage in these rocks therefore

appears to represent a continuation on a smaller scale

of the flowage which produced the plications. In rocks

with more advanced slip cleavage, where the crinkles and

plications are commonly more attentuated, disruption of

the crinkle limbs indicates that some shearing occurred.

But the shearing must have been confined to the slip

cleavage planes, because the crests of the crinkles are

intact; and the net amount of shearing cannot have been

great, because the thicker quartz veinlets are not off-

set (Figure 25) .

Mechanically, the slip cleavage thus appears to be

the product of differential flowage which paralleled

axial planes of folds, was concentrated along closely
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spaced surfaces, and which locally gave way to shearing

in the later stages.

But the segregation banding along the slip cleavage

cannot be easily explained in mechanical terms alone.

Relatively large amounts of slippage along the cleavage

planes would probably be needed to produce appreciable

segregation of minerals by purely mechanical means, and

the undisrupted quartz veinlets clearly show that very

little slippage occurred (Figure 25). Furthermore, many

of the micas concentrated along the slip cleavage are too

large to have been oriented by mechanical rotation alone

(Figure 27). For these reasons, the segregation banding

must be explained by chemical processes.

Where the micas are concentrated in the cleavage

planes in the same relative proportions as in the rest of

the rock, the banding may be due simply to preferential

solution and removal of quartz from the slip cleavage

planes, perhaps owing to continued granulation and local

high pressures there. But in the rocks where biotite is

preferentially segregated along the slip cleavage planes,

and where the biotite flakes are too large to have been

oriented by mechanical rotation alone, at least some mater-

ial must have been metasomatically introduced into the

cleavage planes, probably by migration in an intergranular

pore fluid over distances ox a few millimeters. Migration
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of the constituents in solution toward raicas which paral-

lel the cleavage is to be expected, because crystals in

this orientation have a lower free energy than those in

less favorable orientations (Kamb, 1959).

The axial plane cleavage appears to have been pro-

duced by a continuation of the same processes which

formed the slip cleavage. The chlorite-biotite and

garnet-biotite schists west of Swain's Lock show all gra-

dations between rocks with slip cleavage, where only micas

along the slip cleavage planes parallel the axial planes

of the folds, and rocks with true axial plane cleavage,

where all the micas parallel the axial planes. An inter-

mediate state is well illustrated by 103-A, which shows a

good megascopic cleavage, marked by prominent laminae of

parallel micas, and indistinguishable in hand specimen

from true axial plane cleavage. In thin section, nearly

all the micas except a few late cross biotites and

chlorites lie parallel to the micaceous laminae. But in

the intervening quartzose layers, there are a few places

where the raicas are oriented across the banding; these

micas are sharply bent, or hooked, and gradually merge

with the micaceous laminae as they approach them (Figure

28) . The few places like this appear to be the last rem-

nants of crinkle crests between old slip cleavage planes,

now represented by the micaceous laminae; elimination of
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Figure 2^ : Photomicrograph of quartz - mica

schist from the V/issahickon Formation, showing

transition from slip cleavage to axial plane cleav-

age (Sr;) . Most micas parallel S3, but a few micas

in the quartz-rich bands parallel S2, and appear

to be relics of crinkle crests between the original

slip cleavage planes. From 2,000 feet west of the

mouth of V/atts Branch, Maryland. (.i 20).
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these remnants would produce a perfect axial plane

cleavage

.

This example and others like it suggest that the

axial plane cleavage evolved from the slip cleavage by

gradual reorientation of all micas parallel to the slip

cleavage planes. There is nothing to indicate that this

progressive reorientation was due to shearing along more

closely spaced planes, since the micaceous laminae

—

apparently the old slip cleavage planes—remain spaced

about 1/2 to 2 millimeters apart, and since preservation

of undisrupted plications in rocks with good axial plane

cleavage shows that extensive shearing was not necessary

to form the cleavage. Instead, it seems likely that the

new micas simply grew at the crests of the crinkles,

parallel to the slip cleavage planes, probably by prefer-

ential enlargement of favorably oriented crystal nuclei.

Admittedly, in some rocks cleavage mullions and dis-

rupted plications, torn apart and preserved as bent augen

caught between adjacent cleavage planes, prove that con-

siderable shearing parallel to the axial planes did

occur, and probably it played a part in producing the

cleavage in these rocks. The important point is that

extensive shearing was not required to form the axial

plane cleavage. Presumably the rocks in which shearing

did occur represent a more advanced stage of deformation
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than the rocks in which it did not occur.

The segregation banding parallel to the axial plane

cleavage probably formed in much the same way as the band-

ing which follows the slip cleavage; mainly by solution

and removal of quartz from the zones of most intense de-

formation, combined with preferential enlargement of

favorably oriented mica flakes. In the rocks where ex-

tensive shearing did occur, tectonic unmixing may also

have played a part, but its contribution is difficult to

evaluate.

To sum up, the plications, slip cleavage and axial

plane cleavage appear to represent different stages in the

evolution of axial plane cleavage or schistosity. Where

they occur in the regular sequence described above, they

apparently reflect different degrees of rock flowage and

finally shearing.

In some rocks, one or more of the stages in the "ideal"

sequence of structures is missing, apparently reflecting

differences in lithology, conditions of deformation, and

probably other unknown factors as well. For example,

many of the sillimanite - mica schists near Bear Island

show the transition from plications to axial plane schis-

tosity without slip cleavage as an intermediate step. A

detailed study of the reasons for these exceptions to the

general sequence would probably provide many important in-

sights into the mechanics of cleavage formation.
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S4: Late Slip Cleavage and Axial Plane Cleavage:

53 is in many places crinkled by a later slip cleavage,

which locally grades into an axial plane cleavage. To-

gether, the cleavages cutting S3 are termed S4

.

The S4 slip cleavage closely resembles the Sc, slip

cleavage; it consists of sets of crinkles, locally

sheared out along the limbs. The main differences are

that the S4 slip cleavage shows less pronounced segrega-

tion banding than the S3 slip cleavage, and is typically

more widely spaced. In most rocks, the S4 slip cleavage

cuts randomly across S3, and is not clearly related to any

large scale folds. But in a few places, it parallels the

axial planes of folds, and grades into an axial plane

cleavage

.

The S4 axial plane cleavage is similar to the S3

axial plane cleavage, except that it is more irregular,

and swirls and bends around lenses of quartz, or augen of

less deformed rock. It is most common in the intensely

retrograded rocks near Stubblefield Falls.

The crinkles which represent the early stages of the

54 slip cleavage have a similar form, and persist vertic-

ally for several times their amplitude. Therefore, they

are probably minute flowage folds, locally modified by

shearing along the limbs. The S4 axial plane cleavage may

have locally developed by preferential growth of minerals
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parallel to the axial planes of folds, as did the S3

cleavage; but in most cases, it appears to have formed

mainly by intensification of the shearing which marked

the late stages of slip cleavage formation, and by growth

of new minerals along the shear planes. This manner of

formation is suggested by the widespread disruption of

earlier mineral segregations, and by the presence of local

augen-shaped remnants of rock with slip cleavage, which

have been dragged out along the axial plane cleavage.

Time Relations of Planar Structures : Successive

truncations of structures show that, within a single out-

crop, or even several adjacent outcrops, each division

in the S-classif ication represents a distinct structural

generation, formed successively in time. In order to

correctly interpret the history of the region, it is nec-

essary to try to establish whether or not this sequence

can be extended to include the entire area studied; that

is, do the different planar structures represent distinct

structural generations, each formed more or less simul-

taneously over the entire area, or do they represent only

local phases of deformation, overlapping in time when

viewed in the context of the area as a whole?

The time relations between the sequence of mineral

recrystallization and the formation of the different planar







Figure 29 : The relationships between mineral-

ogical and structural changes in five thin sec-

tions of rocks from along the Potomac Hiver.

The left-hand column gives the specimen numbers.

The diagram shows the relationships in each spec-

imen between the formation of successive planar

structures (shown by horizontal lines with super-

scripts) and the grade of metamorphism, inferred

from the minerals recrystallized during each stage

of deformation (indicated by the abbreviations:

bi = biotite, ch = chlorite, g = garnet, h = hema-

tite, ras = muscovite, rat = magnetite, qz = quartz).
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structures observable in thin section have an important

bearing on this question.

In 83-A, biotite, chlorite and muscovite are segreg-

ated along the S3 slip cleavage (Figure 26), which is over-

printed by optically identical helicitic biotite and

chlorite. S2 contains only chlorite and muscovite. These

relations suggest that S^ in this rock formed during ris-

ing metamorphisra, before the beginning of biotite crystal-

lization, while S3 formed during the peak of metamorphisra,

but well before its end. This inferred sequence is

summarized in Figure 29, which shows diagramatically

the time of formation of each planar structure in relation

to the mineral assemblages of highest grade, inferred to

mark the peak of metamorphisra.

In many other rocks, S2 and S3 contain virtually

identical mineral assemblages. For example, in 77-A,

quartz, muscovite and biotite are segregated along plicated

bedding schistosity (S2) . These mica flakes are sharply

bent around crests of plications, and apparently formed

prior to the folding. However, identical-appearing mus-

covite and biotite flakes have grown at the crests of some

plications, parallel to their axial planes (S3). In such

rocks, both S2 and S3 appear to have formed at, or near

the peak of metamorphisra.
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In specimen 20-A, S2 contains biotite, muscovite,

quartz and garnet, and apparently formed close to the

peak of raetaraorphism. V/here ^2 is cut by S3, the original

biotite is broken down to chlorite plus a second biotite.

Apparently, therefore, S3 in this rock formed during wan-

ing metamorphism.

Assuming that the peak of regional metamorphism

occurred at roughly the same time in all of the rocks in

the relatively small area studied for this report, the

relations depicted in Figure 29 strongly suggest that S2

and S3 overlapped in time, and do not represent distinct

structural generations, each formed simultaneously over

the entire area.

In many rocks, 63-A for example, S4 contains mineral

assemblages such as albite - chlorite - muscovite, formed

during retrograde metamorphism, and in strik;ng contrast

to the high grade assemblages (garnet - oligoclase -

biotite - muscovite in 63-A) developed along S2 and S3.

In such rocks, it seems likely that S4 formed during wan-

ing metamorphism, considerably later than S2 or S3.

In a few rocks, however, the contrast in assemblages

developed along S3 and S^ is not so great. For example,

in 104-A and B, S2 and S3 both contain the assemblage:

chlorite - biotite - quartz - muscovite. Slip cleavage

(S^) also contains these minerals, coarsely segregated.
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but the biotite along S4 is preferentially chloritized.

It seeras as if S^ started to form during peak metamorphism,

but movements continued along S^ during waning metamorphism,

until biotite became unstable, and was preferentially

broken down along the actively forming S4 slip cleavage.

These relations suggest that in most rocks S4 formed

considerably later than S2 or S3, but that structures

transitional in time do exist locally.

Evidently the planar structures record two major

periods of deformation in the rocks along the Potomac: one,

during rising and peak metamorphism, in which both S2 and

S3 were procuced; and a second, considerably later period,

during waning metamorphism, in which most S4 was produced.

Transitional structures formed in the interim between these

two phases of deformation do exist, but are comparitively

rare.

Lineations

The principal lineations found in the rocks along the

Potomac River are:

1. fold axes;

2. intersections of non-parallel planar structures;

3. long axes of boudins;

4. preferred orientation of hornblende prisms;

5. mineral streaks;
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6. stretched pebbles.

Folds are discussed in detail in the following sec-

tion, and will not be treated here.

Intersection lineations are best displayed by the

crinkles developed where a major schistosity is cut by a

slip cleavage or incipient slip cleavage; most crinkles

parallel fold axes, and are therefore b-lineations . In

a few outcrops, a set of weak crinkles is developed,

approximately at right angles to fold axes, in a.

In cross-section, the boudins are thinned and broken

apart blocks of competent beds, mainly raetagraywacke or

amphibolite. Commonly quartz or quartz and feldspar

secretions have grown in the open fractures between ad-

jacent blocks (Figure 55) . Where they can be seen in three

dimensions, the boudins are flattened pods, with their

long axes parallel to fold axes. Their form and orienta-

tion indicate that they have formed in response to stretch-

ing along the limbs of folds, as described by Cloos

(1947b). Locally, they are slightly rotated about their

long axes, presumably in response to sliding between beds.

In an anticline on Bear Island, where amphibolite is

interlayered with metagraywacke, the long axes of the

hornblende crystals lie in So* and parallel fold axes in

the overlying metagraywacke (Figures 17, 22 and 23)

.
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Mineral streaks lying in the schistosity are found

in all parts of the area studied, but they are most

prominent east of Bear Island. They are small, streaked

blebs of quartz, or micas, typically showing very fine

crenulations parallel to their long axes. In the Bear

Island area, most mineral streaks lie in Sg, and paral-

lel the fold axes. Locally, however, mineral streaks in

So wrap around fold crests at an oblique angle to the fold

axes; perhaps these folds were formed slightly later than

the lineation. Farther east, the mineral streaks plunge

steeply west, apparently as an a-lineation (Cloos, manus-

cript in preparation). In a few places, stretched

pebbles of mica schist in the oykesville Formation paral-

lel the mineral streaks; very rarely does the elongation

(ratio of the longest axis to the intermediate axis) ex-

ceed 1.5 / 1.

Minor Folds

General Statement : The minor folds in the rocks

along the Potomac River are complex, and variable in

form. Many of them show evidence of both flexural and

flowage or shear folding, and are not readily fitted into

the usual genetic classifications. Therefore, use of a

simple descriptive classification seems desirable.
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In this report, fold axes are designated "B", follow-

ing Knopf and Ingerson (1938, p. 46). A numerical subscript

indicates the youngest planar structure found at the fold

crest. Thus folds showing only S2 are designated B2,

folds showing So are termed B3, and folds with S4, B4.

Weiss (1959) and co-workers have recently used a similar

classification. Since the numerical classification of

planar structures is based on a generalized time sequence,

the fold classification is also. As with the planar

structures, however, the different fold types may overlap

in time, and need not necessarily represent distinct

periods of folding.

B2 Folds: B2 folds, with only bedding schistosity

(S2) at the crest, occur only in the metagraywackes and

amphibolites in the staurolite -, kyanite -, and sillim-

anite - bearing rocks near Great Falls-*-; even there, they

are rare. Most of the folds are simple, very open con-

centric folds, with little or no crestal thickening,

which tend to die out vertically. A few, found only in

the most massive rock units, are similar- type folds.

'•Schistosity in the Sykesville Formation in the vic-
inity of Washington, D.C. is parallel to formation con-
tacts, and may be bedding schistosity in large scale B2
folds in rocks of lower metamorphic grade. This has not
yet been proved, however, owing to the rarity of clear-
cut bedding in the Sykesville Formation, and to a lack of
critical outcrops.





106

which persist vertically for several times their ampli-

tude, and show pronounced crestal thickening.

Several features of most B2 folds— their concentric

form, the lack of axial plane structures or appreciable

crestal thickening, and the presence of S2, suggesting

slippage parallel to bedding—combine to suggest that

the folds formed mainly by flexural slip (see Cloos,

1947a, p. 904)

B3 Folds: B3 folds, with S^ at the crest, range

from relatively open folds, distinguished from B2 folds

only by the presence of plications in the bedding schis-

tosity, to isoclinal folds with well-developed axial plane

cleavage. They are by far the most common type of fold

in the area studied, and are found in all the metamorphic

zones

.

In Bo folds in the staurolite -, kyanite - and

sillimanite - bearing rocks near crest falls, the S3 is

typically confined to the axial regions of the folds,

where the bedding schistosity may be strongly deformed,

or nearly obliterated (Figure 30). On the relatively

straight fold limbs, S2 is commonly well preserved. The

fold crests are markedly thickened, and the folds per-

sist vertically for several times their amplitude. They

closely resemble DeSitter's "accordian folds" (1956,

p. 216).
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Figure 30 : B3 fold with interlayered meta-

graywacke and mica schist, showing plications (S^)

and extreme flowage in mica schist, and undis-

turbed S2 in inetagrayAvackes. Northern part of

Bear Island, l/Iaryland.
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Figure 31: Detail of folding in the metagray-

wackes in the fold illustrated in Figure 30, show-

ing undisturbeG b2. Northern part of Bear Island,

Maryland.

Figure 32 : Detail of folding in the mica schist

at the crest of the fold in Figure 30, showing

well-developed plications (S3). Northern part

of Bear Island, Maryland.
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Within each fold, S3 is better developed in mica

schists than in the more competent metagraywackes or

amphibolites. For example, in a fold in the interbedded

graywackes and mica schists on northern Bear Island, the

main structure in the metagraywacke layers is S2; plications

are weak, or absent (Figure 31). But in the interbedded

mica schist layers, plications are very pronounced, slip

cleavage is locally developed, and some large mica flakes

have grown parallel to the cleavage (Figure 32)

.

The origin of the B3 folds is complex. The presence

of bedding schistosity suggests that they began to form

as flexural folds. But the pronounced crestal thickening

and similar form of the folds shows that they were much

modified by shearing, or by flowage parallel to the axial

plane, or by both together (see Cloos, 1947a, p. 902-

904). In the relatively open B3 folds, where S3 is repres-

ented only by the axial planes of plications, the mineral

segregations parallel to Sg are undisrupted, and so no ex-

tensive shearing can have occurred. In these folds, the

crestal thickening must therefore reflect flowage paral-

lel to the axial planes. This conclusion accords with

the interpretation advanced earlier that the plications

were formed by flowage. In many of the tighter B3 folds,

where cleavage is developed, shearing is shown by small

offsets along the cleavage planes, or by disrupted
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plications, torn out by the roots, and dragged parallel

to the axial planes. Thus many B3 folds began to form

as flexural folds, and as they became more appressed,

the rocks began to flow parallel to the axial planes;

finally as the folds became still tighter, flowage gave

way to shearing.

However, the preferential development of So in the

axial regions of the folds indicates that flowage and

shearing were most pronounced there; preservation of bed-

ding schistosity on the fold limbs suggests that flexural

folding, involving slip parallel to bedding, may have

continued on the limbs well after flowage or shearing

began in the crests and troughs. Similarly, the preserva-

tion of S2 in unthickened metagraywackes interbedded

with strongly plicated mica schists indicates that flex-

ural folding continued in the metagraywackes well after

flowage had begun in the pelitic rocks. Therefore,

these folds cannot be described simply as flowage folds

or shear folds. Apparently, they evolved from flexural

folds by different combinations of flowage and shearing.

Which process dominated was determined mainly by local

differences in lithology, position within the fold,

and tightness of folding.

In the chlorite - sericite phyllites near Seneca,

the B3 folds are somewhat different. Axial plane
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cleavage (S3) is well developed even in fairly open folds,

and is found in all parts of the folds, not only at the

crests. In the pelitic rocks, S3 is a smooth, phyllitic

cleavage, as described above; in the metagraywackes,

it is more widely spaced, and locally grades into slip

cleavage. The folds are typically similar in form, and

show very pronounced crestal thickening. In at least

one place, the folds have markedly unequal limbs, with

the cleavage nearly parallel to bedding on the longer

limb, but steeply inclined to bedding on the shorter limb

(Figure 19)

.

The rarity and comparatively poor development of bed-

ding schistosity in these rocks, and the development of

S3 even in very open folds, suggest that little or no

flexural folding occurred. Offset of metagraywacke slabs

along S^ (Figure 19) indicates that at least some of the

folding was by shear, and presumably some flowage preceded

the shearing; but the relative importance of the two is

uncertain.

B4 Folds: B4 folds are nowhere well exposed, and are

therefore imperfectly understood. They are best displayed

in the area of retrograded rocks east of Bear Island,

where they somewhat resemble the B^ folds in the phyllites

near Seneca. They are typically similar in form, and
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show pronounced crestal thickening. S^ is equally developed

in all parts of the fold; slip cleavage grades into axial

plane schistosity, and is locally preserved in augen-

shaped remnants of relatively undeformed rock, caught be-

tween adjacent schistosity surfaces. Where S4 is inclined

to S2 or S3, these early structures serve as marker hori-

zons to define the folds, but show no evidence of having

acted as slip surfaces during the B4 folding. Therefore,

it seems that flexural folding played little or no part

in forming the B4 folds. The disrupted plications show

that some shear folding occurred, and presumably some

flowage preceded the shearing, but the relative importance

of the two are unknown.

Geometry of Folding : A plot of the poles to S]^ and

S2 from bedded rocks in all parts of the area studied shows

an incomplete ac girdle with monoclinic symmetry (Plate III,

Figure A) . The maxima reflect the geographic distribution

of the measurements; east-dipping beds are exposed in a

wide belt west of Bear Island, and west-dipping beds in

a belt east of Bear Island. Vertical beds are common

only in a narrow zone near Bear Island. The rarity of

horizontal beds reflects the scarcity of fold crests. A

generalized ac great circle, the best fit to the girdle,

is shown as a dashed line. Its normal may be used to
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represent the orientation of the girdle, and is shown as

a heavy arrow, /Po*

A plot of poles to S_ shows a similar girdle, with

a normal (P3) parallel to/Qg (Plate HI, Figure B)

.

The maxima reflect the areas where S3 is best displayed,

and hence measurements most numerous, and probably have

no significance with regard to the regional structure.

A plot of poles to S^ shows a distribution of points

similar to that in the plots of poles to So and S3

(Plate III, Figure C). The girdle is not well developed,

perhaps because most measurements were made in a rather

restricted area east of Bear Island. Consequently, no

A^ -axis can be found from this diagram alone. However,

Fairbairn (1949, p. 194) states that /3 may be found by

plotting great circles corresponding to the appropriate

planar structures, and then finding and contouring all

possible intersections of great circles. This has been

done in Figure D. The maximum represents Z^^, and corres-

ponds very closely to/^2 ~ ^2 ( ~/^4)'

If deformation was homogeneous and by forces with

symmetry of constant orientation, a plot of fold axes

should show a maximum corresponding to/G'2 ~ / 3 ^^4

(see Fairbairn, 1949, p. 194). If deformation was in-

homogeneous, or if the rocks were appreciably deformed

by forces of more than one orientation, / o '^ '3 "''4
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should not correspond to the fold maximum (see Weiss and

Mclntyre, 1957, p. 586).

Axes of B3 folds and intersections of S3 with S2

show a maximum in excellent agreement with / 2 ~'
Z ~^4

( = 23)* as shown in Figure E.

The B2 folds are rare, and only 44 measurements are

available. Therefore, the plot of B2 fold axes (Figure

F) is probably not a completely accurate representation

of their orientation. Nevertheless, the maximum shows a

reasonable correspondence withA-^2 ^^o ~ 4 "^ ^3 ^ ~ ^2)

,

and Figure F resembles Figure E in all essentials,

suggesting that there is no appreciable difference in

the statistical orientation of B2 and B3 fold axes.

Only 5 B4 measurements were available; they are

plotted in Figure G.

The above plots are summarized in Figure H, a

synoptic diagram which shows the close correspondence be-

tween B2, B3,/32» /^q ^^^ ^A' ^^*^^ close correspondence

is most unlikely unless deformation was statistically

homogeneous in the area studied, and unless deforming

forces had an axis of symmetry with constant orientation.
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Time Relations of Folding ; It is important to try to

establish whether the three "generations" of folds—B2,

B3 and B4—actually represent entirely distinct periods

of deformation, or whether they represent stages of a

single, prolonged orogeny.

Several lines of evidence bear on this question.

First, the intimate relations between flexural, flowage

and shear folding strongly suggest that the B2 and B3

folds do not represent separate periods of deformation.

Flexural folding occurred mainly in open folds or compet-

ent beds in the high grade metaraorphic rocks, while in

progressively tighter folds, or in less competent beds,

crestal thickening and development of So show that flow-

age and in places shear folding predominated. It there-

fore appears as if the different types of folds reflect

local variations in lithology and intensity of folding,

rather than differences in external forces.

Secondly, as has already been pointed out, the

sequence of mineral assemblages corresponding to the

different planar structures shows that they—and, there-

fore the associated folds—are closely interrelated, and

probably overlapped in time.

And finally, the close agreement between the geo-

metry of the different structures plotted in Plate III

is most unlikely unless deformation was statistically
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homogeneous, and unless the deforming forces had an axis

of symmetry with constant orientation. It would be highly

coincidental if two or more entirely unrelated orogenies

with identical symmetry of forces had affected these

rocks

.

Taken together, these three lines of reasoning show

that all of the structures were formed in a single,

protracted orogeny.

Therefore, it seems very unlikely that some folds

were formed during deformation of an early Precarabrian

geosyncline, while others were formed during folding of

a different (Appalachian) geosyncline in early Paleozoic

and perhaps late Precambrian time. It seems clear that

all the folds found during the Paleozoic orogeny, within

which two stages of deformation can be distinguished, one

corresponding to the Bq and Bo folds, formed near the

peak of raetamorphism, and the other to the B^ folds and

S. cleavage, mainly formed during waning metamorphism.

It is interesting to note that McKinstry (1961, p.

564) has argued for two stages of deformation in the

Glenarm rocks of southeast Pennsylvania: an early stage

which produced folds similar to B2 and B3, and a late

stage which produced cleavages and folds like S4 and B4,

and resulted in broad regional warps.
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A very similar sequence of events has been suggested

by Nickelson (1956, p. 260-261) for the deformation of

Paleozoic rocks in the Blue Ridge Province of Virginia.

He says:

All gradations between folding by flexure and
(folding by) shear probably exist. The domin-
ance of either type is a function of competency
of material, position within the area, and posi-
tion on the fold... The folds may have started
as flexure folds produced by bending and slip
between bedding planes .... with continued deforma-
tion, folding (was) by shear along (cleavage)
planes.

A later slip cleavage was also reported, cutting the

earlier axial plane cleavage.

The similarity in the structural evolution along the

Potomac, near Philadelphia, ano in the Blue Ridge is

certainly striking, and it is possible that the different

stages of the deformation in the different areas are

approximately equivalent.

Joints

The joints were not systematically studied for this

report, and they will be discussed only briefly.

There are three nearly perpendicular joint sets

along the Potomac. Two are nearly vertical, one striking

roughly parallel to the fold axes (be joints), and one

nearly perpendicular to the fold axes (ac joints) . The
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third set is nearly horizontal. All three sets may be

found in all the units mapped, including the unmetaniorphosed

lamprophyre dikes, and all cut across folded structures.

Therefore, jointing is one of the youngest structures in

the area.
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METAMQRPHISM

General Statement

The rocks along the Potomac River have been thor-

oughly reconstituted by regional metamorphism. Mineral

assemblages belonging to at least two stages of the

metamorphism can be detected: progressive metamorphic

assemblages, formed near the peak of the metamorphism in

each rock; and the retrograde assemblages, formed during

waning metamorphism. Only rarely can assemblages

formed before the peak of the metamorphism be detected.

The progressive metamorphic assemblages of the

pelitic and quartzo-feldspathic rocks record an increase

in metamorphic grade from west to east. The distribution

of chlorite, biotite, garnet, staurolite, kyanite and

sillimanite permit mapping six zones of increasing meta-

morphic grade, culminating in sillimanite-bearing migmat-

itic gneisses and associated replacement alaskites near

Bear Island and Stubblefield Falls.

The retrograde metamorphism was only sporadically

developed, being most intense in the rocks cut by the S^

cleavage, or by late hydrotherraal quartz veins. Though

equilibrium was not attained, the retrograde reactions

observed in thin section all tend to reduce the high-grade

progressive mineral assemblages to those of the chlorite

zone

,
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In the chapters which follow, the minerals of the

metamorphic rocks are first described, and their composi-

tions are estimated by x-ray and optical means. These

data are then used in developing assemblage diagrams,

using the methods of Thompson (1957) and Korzhinskii

(1959). Next, the petrography of each of the progressive

metamorphic zones is described in detail. Attention is

focussed especially on the pelitic and quartzo-feldspathic

rocks, because they show the most variation with meta-

morphic grade, and because they are the only rocks found

in all oi the metamorphic zones. Finally the retrograde

metamorphism is discussed.

Mineralogy

General Techniques of Mineral Study : The minerals

from critical rocks in each of the metamorphic zones were

crushed to 60-120 mesh size, washed, and then separated

with a Franz Isodynamic Separator. The mineral composi-

tions were then estimated by optical and x-ray means.

The general techniques used were as follows:

Refractive indices in the range 1.460 - 1.700 were

measured in sodium light, using immersion oils with

refractive indices 0.002 units apart, calibrated on an

Abbe refractometer . The temperature of the oil on the
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microscope stage was measured directly with a chrome 1 -

alumel thermocouple and Leeds - Northrup potentiometer,

and the observed indices were recalculated to 25*^C. Un-

less otherwise stated, the indices given in this range

are considered accurate to -0.001. Indices above 1.700

were measured in white light, using calibrated oils

spaced approximately 0.01 units apart, and without tem-

perature control. Determinations in this range are

probably accurate to ±0.005.

Birefringence determinations were made with a Berek

compensator. The thin section thickness was first

obtained by measuring the maximum retardation of quartz,

and calculating the thickness from the relation

R = tB,-"-

using Bqyay^2; " 0.0091 (Winchell and Winchell, 1951,

p. 247). Then the maximum retardation of the mineral

under investigation was measured, and the birefringence

calculated from the same equation, using the value for

t just obtained.

X-ray measurements were made with a Norelco x-ray

diffractometer . For routine identifications, a scanning

R = retardation, t = section thickness, B = bire-
fringence; equation from Larsen and Berman (1934, p. 5).
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speed of 1° 20 per minute was used, and the chart speed

was set so that 1° 2© equalled 1/2 inch on the chart.

Measurements of interplanar spacings were made by averag-

ing results of 6 to 10 oscillations between the desired

peak and a prominent peak of an internal standard. For

most oscillation work, a scanning speed of 1/2*^ 2Q per

minute was used, and the chart speed was set so that 1°

20 equalled one inch on the chart. A special vernier

scale, accurate to =f0.005 inches, was used in measuring

the difference in 20 between the desired peak and the

standard peak. The probable limits of accuracy vary

widely with the quality of the pattern obtained, and are

listed with the individual measurements.

White micas : Two varieties of white mica have been

recognized in the rocks along the Potomac: coarse flakes

of 2M Muscovite with limited amounts of paragonite in

solid solution; and sericite, a much finer grained 2M

mica near muscovite in composition, but possibly con-

taining some celadonite in solid solution.

No micas composed principally of paragonite were

found in the x-ray patterns of white mica from 30 samples,

The composition of the muscovites and sericites was

estimated by measuring dQQg and interpolating linearly

between the values for synthetic muscovite (3.349 A;
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Yoder and Eugster, 1955, p. 246) and synthetic paragonite
o

(3.212 A; Eugster, oral communication, 1961). Results are

listed in Table 10. The values obtained are not exact,

owing to substitution of other components, but they do

provide a general guide to the composition of the micas.

Moreover, the effects of extraneous components are probably

nearly constant within each metamorphic zone, so that

relative differences in the estimated compositions of the

micas within each zone are probably fairly reliable. The

exact limits of reliability, however, are unknown.

Biotite : The biotite occurs mainly in well-formed

flakes, from about 0.05 to 5 mm long. It is optically

negative, with 2V ranging from 0*^ to about 10° (estimated).

The most common colors are:

Z = Y: deep reddish brown to olive green

X: light brownish yellow.

No stilpnomelane was found, even in the lowest grade

rocks studied.

Chemical analyses of two biotites from Wissahickon

metasedimentary rocks in Howard and Montgomery Counties,

Maryland, are given in Table 11. Number 1 is from a

garnet - chlorite - biotite - muscovite metagraywacke taken

from near the first appearance of garnet, and number 2 is

from a kyanite - staurolite - alraandine schist in the
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Table 10

Composition of Muscovites

Spec.

11-B

15-

A

17-A

93-B

93-D

94-D

^001
-.001





kyanite zone. The structural formulas—calculated accord-

ing to the method outlined by Foster (1960, p. 13-15)

—

show that these biotites are quite similar in composition;

both are highly aluminous, and low in alkalis. The major

differences between the two are that the garnet-zone

biotite is richer in ferric iron, and correspondingly

poorer in titanium and magnesium than is the kyanite-

zone biotite. The significance of the low alkali content

is uncertain; it may reflect the presence of interlayer

divalent cations (see Foster, 1960, p. 15), or it may re-

present incipient chloritization of the biotite. It might

be expected, however, that loss of alkalis in incipient

chloritization would produce a layer charge unbalance,

which is not observed.

As a guide to the composition of the biotites along

the Potomac, n^^ of biotite from 23 samples was measured.

A plot of n^ against 100 FeO/ FeO + MgO for 42 analyzed

biotites culled from the recent literature shows clearly

that £2 is a rough measure of the FeO content of biotites

(Figvire 33).

Table 12 lists the estimated FeO/ FeO + MgO ratio of

each biotite, based on the curve in Figure 33. The

reliability of these estimated ratios is difficult to

assess. Of the points plotted in Figure 33, 88 per cent

fall within ^5 per cent of the curve, suggesting that
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Figure 33 : Plot of n^ vs. 100 FeO/ FeO + MgO

(raol ratio) for 36 publishea analyses of natural

biotites (•) from pelitic rocks and muscovite-

bearing granites, and for six synthetic biotites

(x) listed by Eugster and Wones (1958). About

88% of the points fall within -i>% of the inter-

polated curve.
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Table 12

n2 of Biotites and Their Inferred Composition

Spec.

11-B

15-A

20-

A

71-A

75-A

79-A

83-A

85-A

88-A

102-A

102-B

102-C

103-A

104-B

11 3-

A

120-A

173-A

174-A

174-C

175-A

178-A

182-B

188-A

Bz
-.001
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most of the estimated values lie within -5 per cent of the

true value. Both analyzed biotites from the Wissahickon

fall within these limits. Furthermore, in the sections

which follow, it is shown that the estimated FeO/ FeO +

MgO ratios of the biotites show a remarkably uniform

sympathetic variation with corresponding ratios in co-

existing minerals. This suggests that, though individual

determinations may be in error by as much as ^5 per cent,

relative differences in the estimated ratios are nearly

correct.

The estimated FeO/ FeO + MgO ratios of the biotites

show no systematic variation with metamorphic grade

(Figure 34)

.

Chlorites : The chlorite occurs both as we 11- formed

flakes from 0.5 to 3 mm long, and as fine, scaly aggreg-

ates of flakes formed by retrograde alteration of other

ferromagnesian minerals. All of the chlorite is in the

o
14 A polymorph. Light green or gray in hand specimen,

it is weakly pleochroic in green in thin section:

X = Y: grass green

Z: light green to nearly colorless.

The refractive index (ny) and birefringence (B) of

19 chlorites from the metasediraentary rocks along the

Potomac River were measured (Table 13) . The data obtained







Figure 34 : Plot of n^ and the corresponding

FeO/ FeO + MgO inol ratio of 19 biotites from

along the Potomac River vs. the grade of meta-

morphisiD. The biotite compositions appear to

be independent of raetamorphic grade.
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Table 13

Measured Properties of Chlorites

Spec.

3-E
20-

A

28-A
29-A
59-A
63-A
83-A
87-A
88-A
93-E
102-A
102-B
102-C
103-A
104-B
108-A
109-B
175-A
188-A

+ -y
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were plotted on Key's (1954, p. 284) chart of optical

properties versus composition for the orthochlorites

(Figure 35) . The results show that the chlorites are

remarkably uniform in composition, though they come from

a wide range of metamorphic environments. According to

Hey's classification, they are all ripidolites. A

generalized formula for a hypothetical chlorite repres-

enting the center of gravity of the plotted points is:

Mg2.5Fe2.2Al2.6Si2.70io(°^>8-

The compositions given by the plot are probably not

exact, mainly because components such as MnO and Fe203

are ignored. As a check on the results, d^Q-, was

measured, and used to estimate the Al-^" content of five

chlorites, according to a curve given by Shirozu (1958,

p. 219). The values given by Shirozu's method are mostly

somewhat higher than those obtained by Hey's method,

possibly due to substitution of Fe203 (Table 14). But

the average deviation of the two methods is only 0.12

atoms, or only 3 per cent of the total possible variation

in chlorites (4 atoms) . This agreement suggests that

<^001 ^^^ measured by oscillating between the (004)
chlorite peak and the (111) silicon peak, calculating
dQQ^ and hence dQQj^
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Figure 35 : Plot of the composition of 19 chlorites

from metasedimentary rocks along the Potomac

River in terras of the orthochlorite end members,

as inferred from the optical data in Table 13 us-

ing Key's (1954) chart.
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the optically determined compositions are essentially

correct

.

Garnet : The garnets range from small irregular

droplets or skeletal porphyroblasts to coarse, well-

formed crystals. They are a deep ruby red in hand speci-

men, but nearly colorless in thin section.

2
The cell-edges {slq) and refractive indices (n) of

garnets from 15 rocks were measured. From these data,

the compositions of the garnets were estimated from

charts published by Sriramadas (1957), assuming that each

garnet contained no more than three components (Table 15)

.

The garnets in the metasediments are pyralspites

with a variable spessartite content (Figure 36) ; the

When this manuscript was in the final stages of
preparation, a paper by A. L. Albee (1962) appeared, which
tends to support the methods used in this report. Albee
found that the basal spacing and refractive index were
"reasonably accurate ' guides to the composition of
chlorites, particularly so when relative differences,
rather than absolute values, are sought. Albee did not
consider the usefulness ox birefringence determinations,
but since the data in Table 14 indicate that determina-
tions based on birefringence go hand in hand with deter-
minations based on the basal spacing, the birefringence
is probably also a reasonably accurate guide to chlorite
compositions.

2ao was obtained by oscillating between the (111)
peak of silicon and the (400) and (420) garnet peaks;

aQ was then calculated from d4oo ^^^ ^420-
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Table 14

Al-'^* Content of Chlorites

Al^^ atoms in chlorite

Spec.

59-A

6 3-

A

93-E

102-C

108-A

1. Hey, 1954, p. 284.

2. bhirozu, 1958, p. 219.

iiey's
Method!
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Table 15

Garnet Composition Data







Figure 36 : Plot showing the compositions of gar-

nets from rocks of the Wissahickon and Sykesville

Formations along the Potomac River, as inferred

from the optical data in Table 15 and the charts

given by Smiramidas (1957). Open circles repres-

ent garnets from garnet-zone rocks containing

Muscovite, biotite, and chlorite in addition to

garnet; solid circles represent garnets from rocks

containing rauscovite, staurolite and biotite in

addition to garnet; and crosses represent garnets

from pelitic rocks lacking chlorite and staurolite.
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importance of this variation will be discussed in the

section on nietaraorphic zoning. The garnets from the

granitic rocks are essentially spessartites; those from

the alaskites contain some almandine in solid solution

(94-E, 97-A), and the one from the Kenzington Gneiss

(71-A) contains some grossularite.

No relation between the composition and the habit

of the garnets was observed.

Feldspar : The most common feldspar in the meta-

sedimentary rocks is plagioclase. Potash feldspar is

locally present in the metasedimentary rocks of the high-

est grade, and is common in the granitic rocks.

Plagioclase compositions were estimated by measure-

ment of nx (Table 16), using Smith's (1960) curves for

refractive indices of plagioclase in the low" structural

state. Results are probably accurate to -2 mol per cent.

The plagioclase in the alaskites is albite or sodic

oligoclase, while that in the metasedimentary rocks is

more calcic, the anorthite content in general increasing

with metamorphic grade (Figure 37)

.

The potassium feldspar encountered is mainly micro-

cline, with prominent cross-hatch twinning. An x-ray

pattern of microcline from an alaskite (94-D) gives a







Figure 37 : Plots showing the composition range

of plagioclase from rocks of contrasting origin

that occur along the Potomac River. The composi-

tions are inferred from the optical data in

Table 16 using curves puDlished by Smith (1960).
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Table 16

n„ of Plagioclase and their Inferred Composition

Spec.

3-A
3-E
3-F

11-B
15-A
17-A
93-B
93-C
93-D
93-E
94-B
94-D
95-C
97-A

102-

A

102-C
107-A
108-

A

113-A
131-A
131-B
131-C
131-D
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separation between the (130) and (130) peaks of 0.85° 2Q,

very close to the value for maximum microcline (MacKenzie,

1954, p. 355). The compositions of the microclines have

not been determined.

High Alumina Minerals : Staurolite, sillimenite,

and andalusite occur locally in the pelitic rocks along

the Potomac River. They are commonly altered to schimraer

aggregates composed mainly of sericite, but locally relics

of the original mineral are preserved. The staurolite is

typically represented by large, seived aggre^tes com-

posed almost entirely of sericite, with small amounts of

chlorite and magnetite. Sillimanite occurs in swirled,

felted masses of fibrolite, partly replaced by sericite.

The andalusite is in large, stubby, prism-shaped aggreg-

ates of sericite, in one case spotted with crystals of

chloritoid. Sladed sericitic schimraer aggregates apparently

pseudomorphing kyanite occur locally, but no relict

kyanite has been found. Keed and Jolly (1962) have re-

ported cordierite as well, and the writer has observed

irregular intergrov/ths of muscovite and chlorite which

may have been derived from cordierite, but no unaltered

relics have been found.
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Amphiboles : Aniphiboles are common along the

Potomac in the intrusive rocks, and in the metamorphosed

tuff beds in the Wissahickon Formation. Those in the

intrusive rocks have already been described.

The amphibole in a metamorphosed tuff bed from

the biotite zone is an actinolite, forming irregular

crystals and sheaves of radiating needles. Its 2V is

close to -80°, its extinction angle (z c) about 15°,

and it is pleochroic in greens:

Z: light bluish green,

X = Y: light yellowish green.

Iron Oxides : Magnetite occurs in irregular opaque

grains, black in reflected light, commonly disseminated

throughout the rocks, but locally concentrated with

biotite and epioote. The cell edges of magnetite from

three specimens were measured by indexing all the peaks

to 70° 20 (Table 17) . They compare closely with the value

o
8.936 A for pure Fe304 (Basta, 1957). This close agree-

ment suggests that there is little substitution of other

components in the magnetite.

Hematite is found in plates or disseminated granules,

blood red in both transmitted and reflected light. It is

common both in the chlorite and biotite zone rocks, and

in the higher grade rocks which have been retrogressively

metamorphosed

.
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Clinozoisite - -:]pidote : Epidote minerals are common

both in the low grade metasediraentary rocks, and in the

higher grade rocks which have been retrograded. Epidote

commonly forms stubby, brownish prisms, with birefringence

up to 0.40, while clinozoisite is typically in small,

clear 'droplets, with very low birefringence.

Quartz: Quartz is found in all the raetasedimentary

rocks and in most igneous rocks along the Potomac.

Locally it is found in relict detrital grains, but most

commonly it is segregated into irregular veinlets and

appears to have been completely recrystallized.

Carbonates : A uniaxial carbonate, probably close

to calcite in composition, is abundant in a few calcareous

beds in the V/issahickon, where it forms a fine, equi-

granular mosaic, ilmall amounts also occur in the retro-

gressively metamorphosed rocks, mainly as an alteration

product of plagioclase.

Accessory Minerals : Nearly ubiquitous accessories

in the raetasedimentary rocks are tourmaline, typically

zoned from a deep green rim to an orange or reddish core,

and euhedral prisms ox apatite. Also common in small

amounts are zircon, raonazite, sphene, rutile, and pyrite.
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Table 17

Measured Cell-edge of Magnetites

Spec.
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Ilvaite is present in trace amounts in the amphibolites

.

Graphical Analysis of the Mineral Assemblages

In the sections which follow, composition diagrams

will be used extensively to portray the mineral assem-

blages inferred to have been in equilibrium. This approach

has several advantages: it permits easy visualization of

the relationships between different assemblages; and it

shows which differences between assemblages may be due

merely to variation in bulk composition, and which differ-

ences are more likely due to variation in the physical

conditions of raetamorphisra. But it should be remembered

that such diagrams are based on interpretations, such as

the number of components, and their relative mobility.

Even the assemblages inferred to have been in equilibrium

are interpretations, and may be in error. Therefore,

diagrams of this type are not as unambiguous as they may

at first appear, and hypotheses based on the use of such

diagrams are best regarded as "models", in terms of which

a given problem can be understood and explained, but which

may not be rigorously correct.

Goldschmidt (1911) was the first to use assemblage

diagrams extensively in the study of raetamorphic rocks.

Such diagrams have since been used by Eskola (1939), Fyfe,
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Turner and Verhoogen (1958) and Zen (1960), among others.

Thompson (1957) and Korzhinskii (1959) have discussed the

principles involved in the preparation of assemblage

diagrams, and so no detailed statement of these princi-

ples need be given here; only a brief, qualitative deriva-

tion of the diagrams used in the ensuing discussion will

be given.

The fundamental problem in constructing assemblage

diagrams for a group of rocks is to group the chemical

components so that the mineral assemblages may be plotted

conveniently, and without intersection of the tie lines.

In the pelitic and quartzo-feldspathic rocks which

make up the bulk of the metamorphic rocks along the

Potomac River, components such as Ti02, ZrO, P2*^5> ^^^

and SrO are greatly subordinate; they occur chiefly in

the accessory minerals, or enter in trace amounts into

the major minerals. In either case, they have Uttle or no

effect on the equilibrium between the essential minerals,

and may safely be neglected in constructing assemblage

diagrams (Korzhinskii, 1959, p. 66-71).

Even with these simplifications, the rocks contain

as many as ten components: K2O, Na20, CaO, AI2O3, FeO,

MgO, MnO, SiOg, H2O, and 0^' These ten components are,

of course, too many for convenient graphical representa-

tion. The problem can be simplified in several ways,

however.
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First of all, virtually all the rocks in the area

studied contain free quartz, and therefore SiOo can be

neglected as an excess component (Korzhinskii, 1959,

p. 71). Similarly, it is commonly accepted that in

regional metamorphism water is either present in excess,

or behaves as a mobile component. In either case, it

too may be neglected in assemblage diagrams (Thompson,

1957, p. 843-845).

In the following treatment, it will be assumed that

O2 also is either present in excess or behaves as a

mobile component and may therefore be neglected. This

rather arbitrary procedure is necessary in order to avoid

undue complication of the diagraras. It is justified be-

cause the assemblages considered below can be described

on the basis of this assumption without contradictions

arising.

To further simplify the diagrams, we may make use

of the fact that not all of the components enter into

all of the minerals. This permits dividing the re-

maining seven components into smaller groups which may

be treated independently.

For example, in the rocks along the Potomac River

Na20 is found principally in albite, potassium feldspar

and muscovite . Neglecting Si02 and H2O, these minerals

belong to the system K2O - AI2O3 - Na20, which also
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includes the minerals sillimanite, paragonite, kyanite and

andalusite. Since much of the plagioclase in the rocks

studied is more calcic than albite, CaO must also be con-

sidered as a component, introducing the additional mineral,

clinozoisite . Thus relationships between assemblages con-

taining only the minerals albite, Muscovite, potassium

feldspar, clinozoisite, sillimanite, paragonite, kyanite

and andalusite may be effectively represented in a

tetrahedron with the corners CaO, AI2O3, NagO and K2O,

which may be abbreviated CANK. Plate IV illustrates the

part of the tetrahedron with which we are concerned.

But most ox the rocks to be described contain other

minerals, and other components as well. The effect of

adding new components and new minerals to a CANK assem-

blage must therefore be considered.

If just as many minerals are added as new compon-

ents, the variance will not be changed, and hence the re-

lations within the CANK tetrahedron will remain unchanged

(cf. Thompson, 1957, p. 351).

If more new minerals are added than new components,

the possible number of minerals in the tetrahedron will

be proportionately reduced, since the total number of

minerals is limited by the phase rule. But equilibrium

relations between the minerals in the CANK tetrahedron

which are present will not be affected (cf . Thompson,

1957, p. 852).
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If fewer new minerals are added than new components

to be considered—for example, one new mineral, biotite,

and two new components, FeO and MgO— then the variance

of the total assemblage will be increased, by one in this

example, and equilibrium relations between the minerals

within the CANK tetrahedron could vary; but only if the

new components enter into the minerals in the tetrahedron.

In the example considered here, MgO substitutes only to

a very limited extent in the minerals of the tetrahedron,

so that its effect can probably be neglected. FeO does

enter several of the minerals in detectable amounts,

particularly clinozoisite and muscovite, but its effect

can be offset by considering only assemblages which con-

tain magnetite, in effect considering the diagram as a

projection in polydiraensional space from magnetite. With

this proviso, the additional variance permitted by the

addition of biotite will be represented more by variation

in the Fe/ Mg ratio of the biotite than by variation in

the composition of the minerals within the tetrahedron.

If one of the minerals added contains one of the

components in the CANK tetrahedron, the chemical potential

of that component will be slightly reduced—otherwise,

it would not enter the new mineral--and relations within

the tetrahedron will be slightly changed. Presumably,

this effect is small, and may be neglected (cf. Thompson,

1957, p. 853).
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Thus, relations between the minerals muscovite,

albite, potash feldspar, clinozoisite, sillimanite, para-

gonite, kyanite and andalusite can be effectively repres-

ented in the CANK tetrahedron, provided that the assem-

blages also contain magnetite, regardless of what other

minerals or components may also be present.

In order to portray the equilibrium relations of

biotite, an additional diagram is needed. At least four

components are required: KgO, AI2O3, FeO and MgO. By

considering only assemblages containing muscovite, these

four components may be projected onto a triangular

diagram, as shown by Thompson (1S57). This diagram,

abbreviated AKFMg, is illustrated in Plate IV. In addi-

tion to biotite, this diagram contains kyanite, sillim-

anite, andalusite, staurolite, chloritoid, chlorite, mag-

netite, potassium feldspar, and almandine. In the rocks

along the Potomac the garnets contain considerable MnO,

so in order to represent them accurately, the triangle

must be expanded to a tetrahedron with the corners AloOg,

K2O, FeO, MgO, and MnO, which may be abbreviated AKFMgMn

(Figure 38). The spatial relations within this tetrahed-

ron are difficult to visualize, and it will be simplest

to deal with a projection of all the minerals in the

tetrahedron from magnetite (which plots at the corner

FeO, since O2 is assumed to be mobile) onto the face







Figure 38 : AKFMgMn tetrahedron, showing minerals

in equilibrium with quartz and muscovite, assum-

ing that water and oxygen are mobile, or present

in excess. See text for discussion.
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AI2O3 - MgO - MnO (Plate IV). Therefore, only assem-

blages containing magnetite (in addition to quartz and

muscovite) will be plotted.

Assemblages containing minerals and components

other than those represented in the AKFMgMn plot can be

handled in the same way as for the CANK tetrahedron.

The chief problem arises with assemblages containing two

additional components—Na20 and CaO—and only one more

mineral, plagioclase. Theoretically, this situation

could cause a shift in the composition of the minerals

in equilibrium in the AKFMgMn plot. But since CaO and

Na20 enter more into the plagioclase than into the

minerals of the AKFMgMn plot, the additional variance

will probably be reflected simply by variability of the

plagioclase composition, and the effect on the minerals

within the AlCFMgMn plot will probably be negligible.

Using the basic plots just derived, assemblage

diagrams for the suite of rocks at any locality may be

prepared by plotting the observed minerals, and connect-

ing compatible pairs with tie lines. Ideally, rocks

should be collected with as wide a range in bulk composi-

tion as possible, so as to cover as much of the plots as

possible. Care should be taken to ensure that the plotted

assemblages are as near as possible to internal equili-

brium. It is seldom possible to show that the assemblages
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are rigorously in equilibrium, but in most cases the

minerals should show textural evidence for equilibrium,

and the assemblage should obey the raineralogical phase

rule; that is, no more than four minerals in the CANK

plot and five in the AFFMgMn plot should be present. But

in some cases, even these criteria are not met. Then

it is necessary to infer from textural evidence which of

the minerals present constituted the most stable assem-

blage during the peak of metamorphisra.

In general, the assemblage diagrams will show changes

from one locality to another, reflecting differing con-

ditions of metamorphisra. As noted by Thompson (1957,

p. 855-857), these changes may be either discontinuous or

continuous

.

Discontinuous changes likely to be observed on pass-

ing from an area of low grade metamorphisra to one of

higher grade include polymorphic transitions, the break-

down of a mineral, a change in the compatible associa-

tions of the minerals, and the appearance of a new mineral

in a part of the diagram where it is known to have been

absent in the lower grade rocks. Discontinuous changes

such as these depend only on the physical conditions of

metamorphisra, and when they can be raapped in the field,

they raay therefore be termed isograds (Thompson, 1957, p.

856) .
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A discontinuous change in mineral assemblages, or

an isograd, may be regarded as a univariant curve on a

P,T diagram. Or, more rigorously, it represents an

(n + 1)- variant surface in a n + 2 dimensional space,

where n is the number of mobile components (Thompson,

1955, p. 66). If both H2O and O2 are mobile in the rocks

along the Potomac River, this means that such discon-

tinuous changes should in general be regarded as tri-

variant "surfaces' in four-dimensional mathematical space,

In three-dimensional space, such a "surface" would be

represented by a definite volume; this means that the

discontinuoiB changes could in principle occur within a

finite volume of rock, and not along a simple two-

dimensional isograd surface, as is commonly assumed. The

rocks within this volume could contain equilibrium assem-

blates with more minerals than components. No such assem-

blages have been found, however, and the volumes of rock

representing the isograds may be very thin, at least in

comparison to the distribution of samples.

Continuous changes in assemblage diagrams observed

in passing from one locality to another reflect a gradual

shift in the composition of the solid solution minerals,

in response to gradual changes in the conditions of meta-

morphism. In areas where the rocks display a limited

range in bulk composition, continuous variations of this
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type may cause new minerals to appear with increasing

grade of metamorphism. They appear by a gradual shift

in the tie lines, so that the stability field of the

mineral in question gradually encroaches on the composi-

tional field ox the rocks. Because the appearance of a

mineral by this mechanism involves compositional

parameters, in addition to the conditions of meta-

morphisra, it is not to be regarded as an isograd in the

sense originally intended by Tilley (1924, p. 169).

The importance of the different kinds of changes in

mineral assemblages and the means of distinguishing be-

tween them will be made clear as specific examples are

considered

.

Progressive Metamorphic Zoning

General Statement : The mineral assemblages in the

rocks along the Potomac record a regular, progressive

increase in the grade of metamorphisra from chlorite -

sericite schists and phyllites near Seneca to sillimanite

-bearing migmatites near Bear Island. The successive

appearance of chlorite, biotite, garnet, staurolite,

kyanite and sillimanite permit mapping six metamorphic

zones, similar to those in the Dalradian Highlands of

Scotland (Barrow, 1893; Tilley, 1924; and others). The
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line on the map where each mineral first appears on pass-

ing from an area of low grade metamorphism to one of

higher grade (e.g. biotite line) is taken as the low-grade

limit of each zone (e.g. biotite 2one). The high-grade

limit of each zone is the lower boundary of the next

higher zone. The salient characteristics of the meta-

morphic zones along the Potomac are summarized in Table

18, the mineral assemblages are plotted in Plate IV, and

the distribution of the zones is indicated in Figure 39.

West of Bear Island the rocks are fresh, and the

zonal boundaries are closely located. East of Bear

Island, the original zoning has been largely obscured

by retrograde metamorphism. Most of the relict mineral

assemblages east of Bear Island approximate those of

the garnet zone farther west, but local migmatites there

closely resemble the migmatites in the sillimanite-

zone rocks on Bear Island. These migmatites, therefore,

probably also belonged to the sillimanite zone. If so,

they also were probably flanked by staurolite and possibly

kyanite-zone rocks. The boundaries of these inferred

zones are indicated as dashed lines in Figure 42, and

their location is largely hypothetical.

The following sections describe the rocks within

each zone in order of increasing metamorphic grade, and

present the evidence on which the information in







Figure 39 : Outline raap of the Potomac Kiver,

showing distribution oi the metamorphic zones ano

critical mineral assemblages.
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Table 18 and Plate IV is based. The significance of each

of the zonal boundaries is discussed, and the conditions

of metamorphism are evaluated.

Chlorite Zone Rocks ; The lowest grade progressively

metamorphosed rocks in the area are phyllites, chlorite -

sericite - quartz schists, and metagraywackes, all of the

Wissahickon Formation. They occur in a belt nearly three

miles wide, in the westernmost part of the area. To the

west of Seneca, they pass under the unmetamorphosed

Triassic rocks while to the east they grade into rocks of

the biotite zone (Figure 39).

In hand specimen, the phyllites are fine grained,

highly micaceous rocks, with a smooth, lustrous cleavage

spotted with small, dark flakes of chlorite; thin vein-

lets of quartz commonly parallel the cleavage.

The phyllites and the quartz - sericite schists are

closely interbedded with each other, indicating that the

textural differences reflect differences in their com-

position, rather than in raetaraorphic grade. The phyllitic

beds contain chiefly mica, whereas the schists contain

quartz granules, which deflect the cleavage.

The metagraywackes occur as beds 2 inches to 4 feet

thick, interlayered with argillaceous rocks. The sandy

beds are commonly graded, with detrital feldspar grains
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up to 5 millimeter in diameter at the base. Mineralogic-

ally, the raetagraywackes differ from the phyllites and

schists only in having a higher percentage of quartz and

feldspar. Cleavage in the metagraywackes, generally So,

is much less perfect, and more widely spaced than in the

more micaceous rocks

.

The critical mineral assemblages in the pelitic and

quartzo-ieldspathic rocks are :
-^

1) chlorite - magnetite - hematite - albite -

epidote - rauscovite - quartz;

2) chlorite - mganetite - albite - epidote -

muscovite - quartz.

Representative modes of the chlorite-zone rocks are listed

in Table 2.

The quartz in all of the rock types occurs both dis-

seminated throughout the rock in a mosaic intergrowth of

grains roughly 0.05 millimeter in diameter, and in segreg-

ation veinlets made up of grains up to 3 millimeters in

diameter. In the more massive metagraywacke beds, detrital

quartz grains are common.

The sericite commonly occurs in small, slightly

greenish flakes, up to 0.10 millimeter long. The x-ray

pattern shows that it is a 2M mica, near muscovite in

^For convenience, each mineral assemblage listed is
assigned a number in the sequence of presentation; an
assemblage which occurs in more than one metaraorphic zone
retains its original number in later listings.
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composition. In the sericite - quartz schists and meta-

graywackes, the sericite is distributed more or less

evenly through the rock as discrete, crudely parallel

flakes. Locally it is concentrated in nearly mononiineralic

layers, where the orientation of the flakes is much more

perfect. In the phyllites the sericite has a near-per-

fect parallel orientation, so that large areas of a thin

section extinguish at once under crossed nicols

.

The chlorite is ripidolite (see Hey, 1954), highly

aluminous, with FeO/ FeO + MgO close to 50 (Figure 35).

It forms small, pleochroic green flakes, about the same

size as the sericite. Most commonly, the chlorite is

evenly distributed through the rock, but locally it is

concentrated in nearly monomineralic layers, especially near

the edges of the sericite layers.

The plagioclase in these rocks is nearly all albite

(Figure 37), and shows sharp grain boundaries against

epidote, suggestive of equilibrium. In the phyllites,

and in most of the chlorite- sericite - quartz schists,

the albite occurs with quartz in a mosaic intergrov/th of

untwinned crystals, averaging about 0.05 millimeter in

diameter. In the graywackes and in some pelitic rocks,

plagioclase also occurs as coarser (0.5 - 1.0 millimeter)

anhedra, apparently remnants of original detrital grains,

with angular or regularly rounded boundaries which do not
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interpenetrate with the minerals of the matrix. These

relics range from albite to sodic oligoclase (2V = -85°,

n = 1.540) and typically show relict albite or combined

Carlsbad - albite twinning. The twin lamellae appear to

be in the process of obliteration, and occur in irregular

bands similar to perthite lamellae, which fade out along

strike into untwinned feldspar.

No potassium feldspar has been found in these rocks,

either in thin sections stained with sodium cobalti-

nitrate, or in x-ray patterns of the feldspar fraction.

Epidote is commonly in stubby prisms, locally with

allanite cores. In thin section, the prisms are light

brown and highly birefringent (B = 0.035). They are

locally concentrated in the Muscovite - rich layers.

Magnetite occurs mainly in small (0.05 - 0.10 mm)

anhedra, disseminated throughout the rocks, but locally

it forms octahedra up to one millimeter, that are visible

in hand specimen. Hematite occurs both as small, ruby

red, translucent granules and as larger platelets which

displace the foliation. Some of the smaller granules are

concentrated along weathered cleavage folia, and are

probably due to weathering of nearby iron silicates; but

other grains, especially the larger platelets, are not

related in any way to the weathered layers, and appear

to be in equilibrium with the other minerals.
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Tourmaline and apatite, both in stubby crystals, are

ubiquitous accessories. Sphene, zircon and monazite are

also common in small amounts.

These minerals, except for the relict oligoclase

grains, and some of the small hematite granules, all appear

to have been in equilibrium during the peak of raetamorphism.

Grain boundaries are sharp, and distinct, and there is no

evidence of any reaction between minerals. Furthermore,

the mineral assemblages all conform to the raineralogical

phase rule. These mineral assemblages, therefore, are

probably equilibrium assemblages, and may be safely plotted

in the composition diagrams (Plate IV) . The plotted

chlorite composition is based on the optical determinations

in the section on mineralogy. The limiting anorthite con-

tent of plagioclase in the CANK diagram is taken as Ans,

the composition of plagioclase apparently in equilibrium

with epidote in 108-A. Though neither paragonite nor

microcline was found, both are probably stable in rocks

of the proper bulk composition, and are indicated in

Plate IV, with question marks.

A peculiar feature of the plotted assemblages is

that they contain only two minerals, chlorite and mag-

netite, which plot in the AKFMg and AKFMGMn diagrams.

Therefore the assemblages are limited to a narrow composi-

tional field, and show less apparent variation in bulk
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composition than do the assemblages from the higher grade

rocks (Plate IV). This effect may be illusory, however.

The chlorites may contain a variable amount of MnO and

^®2^3» ^^^ ^^y actually occupy a larger field than in-

dicated in Plate IV. In addition, the composition of the

sericite is not known, and may be variable. Lambert (un-

published thesis; see Yoder, 1959, p. 55-56) has cited

evidence which suggests that low grade metamorphic seri-

cites contain considerable celadonite in solid solution,

and that the celadonite content decreases with increasing

grade of metaraorphisra. If this is the case in the rocks

along the Potomac, variation in the composition of the

sericite may accommodate considerable variation in the

bulk composition of the rocks. In order to investigate

these possibilities further, chemical analyses of the

chlorites and sericites would be necessary.

Biotite Zone Rocks : The biotite zone forms a belt

about 2.5 miles wide, between the chlorite zone and the

garnet zone (Figure 39). The rocks in the biotite zone

are mainly chlorite - biotite - quartz schists and meta-

graywackes, all belonging to the V/issahickon Formation;

they are best exposed on the bluffs along the Maryland

bank of the Potomac, just west of the mouth of Watts

Branch.
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The westernmost, or lowest grade, rocks in the

biotite zone are phyllites and fine grained sericite -

quartz schists, indistinguishable in hand specimen from

the chlorite-zone rocks described above. In thin section,

however, some of them display small, dark green flakes of

biotite with the characteristic birdseye extinction.

Schists derived from basic tuffs—already described in

the section on the lithology of the Wissahickon Forma-

tion—occur locally near the biotite line. Farther east

in the biotite zone, the pelitic rocks gradually become

coarser grained, and individual biotite and chlorite

flakes stand out in hand specimen as dark spots up to one

millimeter long. Thin segregation bands of quartz alter-

nating with micaceous laminae become prominent. Finally,

rounded and twisted knots of chlorite and muscovite

appear, and the rocks become knotted schists (Figure 40).

Despite the textural differences within the biotite

zone, the mineral assemblages iu the pelitic and quartzo-

feldspathic rocks are essentially the same throughout.

The critical ones are:

3. chlorite - biotite - magnetite - hematite -

plagioclase - epidote - muscovite - quartz,

4. chlorite - biotite - magnetite - hematite -

plagioclase - muscovite - quartz,

5. biotite - magnetite - plagioclase - epidote -

muscovite - quartz.
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Figure 40 : Polished specimen of knotted Wissahickon

schist from the eastern part of the biotite zone,

showing 0.5 cm chlorite - rauscovite knots displac-

ing the axial plane cleavage (bo) marked by thin

segregation laminae of muscovite, biotite and chlor-

ite. From 3,000 feet west of Watts Branch, Maryland,

Figure 41 : Photomicrograph of interbedded phyllite

and quartz - sericite schist from the Wissahickon

Formation, showing porphyroblasts of biotite (b)

set in a matrix of fine-grained chlorite and seri-

cite. The opaques are magnetite, bample from near

the biotite line, two miles east of Blockhouse
t

Point, Marylano (X 20, plane light).
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In addition, the assemblage

(1) chlorite - magnetite - hematite - plagioclase -

epidote - muscovite - quartz

is common in the western part of the biotite zone. Modal

analyses of representative rocks are listed in Table 2.

The first biotite to appear, near the biotite line,

occurs in discrete, disseminated flakes and is typically

about 0.10 to 0.25 millimeter long, somewhat coarser than

the associated chlorite and muscovite (Figure 41) . It

is pleochroic from dark olive green (Z = Y) to light

brown (X)

.

In the coarser-grained rocks in the eastern part of

the biotite zone, the biotite occurs in flakes up to one

millimeter long, and is pleochroic from dark reddish

brown (Z = Y) to light brown (X) . Most of the biotite

is segregated into layers parallel to the cleavage

(Figure 26), but some grows athwart the cleavage, showing

helicitic textures.

The chlorite is pleochroic in greens, and shows

textures similar to those of those of the biotite. Its

composition range is approximately the same as in the

chlorite zone (Figure 35)

.

The FeO/ FeO + MgO ratios in the three biotites from

nearest the biotite line are remarkably consistent,

clustering close to 50 (Figure 42). The variation in
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Figure 42 : Plot of FeO/ FeO + MgO niol ratios in

coexisting biotite and chlorite from near the

biotite line along the Potomac River. Dashed

line represents the FeO/ FeO + MgO ratio of low-

grade analyzed biotite in Table 11. See text

for discussion.

Figure 43 : Plot of FeO/ FeO + MgO mol ratios in

coexisting biotite and chlorite from garnet-zone

rocks along the Potomar River; the dashed line

indicates ideal equal distribution of iron between

chlorite and biotite. See text for discussion.
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composition of the coexisting chlorites shows that the

uniform biotite composition does not reflect a constant

bulk composition. The plot suggests that the biotite

formed at the biotite line has only a limited range of

composition, with FeO/ FeO + MgO near 50. The analyzed

low-grade biotite from Montgomery County has an FeO/ FeO

+ MgO ratio of 50, and may approximate the composition

of the biotite formed near the biotite line.

Farther east in the biotite zone, the biotite shows

a greater range in composition, with FeO/ FeO + MgO

ratios ranging from 48 to 56 (Figure 34)

.

The muscovite typically occurs in flakes about 0.5

millimeter long, somewhat smaller than the associated

chlorite and biotite. In most of the rocks it is segreg-

ated into thin layers parallel to the cleavage.

Throughout the biotite zone, the biotite, chlorite

and muscovite are segregated together along the cleavage

.

They show sharp mutual grain boundaries, and no evidence

of reaction (Figure 27) . The three therefore appear to

have been in equilibrium during the peak of metamorphism.

The plagioclase is mostly fresh and unaltered, and

occurs intergrown with quartz in a fine, equigranular

mosaic; its composition is variable from albite, apparently

in equilibrium with epidote in the rocks of the western

part of the biotite zone, to sodic oligoclase (2V = -35°)

in rocks lacking epidote in the eastern part.
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Magnetite occurs as disseminated grains, while hema-

tite forms small, scattered translucent granules. They

occur together in virtually unweathered rocks, and were

apparently in equilibrium during the progressive metamorphisra.

The mineral assemblages inferred to have been in

equilibrium at the peak of metamorphism are plotted in

Plate IV. The biotite field (in the AKFMg and AKFMgMn

plots) is based on the analyzed low-grade biotite from

Montgomery County (Table 11), and the estimated range ox

FeO/ FeO + MgO (Figure 34) . The apparently limited range

of bulk compositions represented probably reflects unde-

tected variation in the compositions of other minerals,

especially the sericite.

The occurrence of albite (An5) apparently in equil-

ibrium with epidote in the western part of the biotite

zone, together with the occurrence of sodic oligoclase

in rocks lacking epidote in the eastern part, suggests

that the limiting anorthite content of the plagioclase is

variable within the biotite zone. Therefore, the anor-

thite content of the plagioclase in equilibrium with

epidote in the CANK plot is given simply as An^ _ ^ -j^q.

The reaction by which biotite formed at the biotite

line is of great interest. Unfortunately, the textures in

the rocks provide no clue to the process, so it is

necessary to reason indirectly. The biotite most likely
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formed through some mechanism involving continuous varia-

tion in the composition of the constituent minerals,

rather than by a discontinuous chemical reaction (see

section on the graphical analysis of mineral assemblages).

If the biotite had formed by a discontinuous reaction

—

either at equilibrium or under disequilibrium conditions,

as suggested by Yoder (1952, p. 622)— soDie mineral or

group of minerals found in the chlorite-zone rocks should

disappear at the biotite line. This, however, is not the

case; all of the chlorite-zone minerals occur in apparent

equilibrium in many of the rocks containing biotites.

Moreover, the assemblage diagrams in Plate IV clearly show

that the chlorite-zone assemblages are compatible with

biotite

.

The minerals which could most easily give rise to

biotite by a change in composition are chlorite and seri-

cite. It seems very unlikely that the biotite formed from

the chlorite, because the biotite-zone chlorites have very

nearly the same composition as those from the chlorite

zone (Figure 35). A change in the sericite is, however,

quite likely. Lambert (unpublished thesis; see Yoder,

1957, p. 55-58) has pointed out that low-grade metamorphic

sericites commonly have appreciable celadonite in solid

solution, and that the celadonite content appears to de-

crease with increasing metamorphic grade. He suggested
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that the expelled celadonite might give rise to biotite,

as illustrated with an AKF diagram in Figure 44. With

increasing metaraorphic grade, the limiting sericite com-

position (x) shifts toward pure muscovite, so that the

tie line (xy) gradually sweeps across the diagram. The

rocks, originally in the two-phase field sericite -

chlorite, are progressively incorporated into the three-

phase field biotite - chlorite - sericite. Near the

biotite line, many of the rocks still lie within the

chlorite - sericite field, and contain no biotite. But

at higher grades of metamorphism, biotite deve lopes in

all of the rocks.

The distribution of biotite is in accord with this

hypothesis. Near the biotite line, biotite occurs in only

a few rocks, but farther east it becomes progressively

more common, until at the eastern limit of the biotite

zone it occurs in virtually all the pelitic and quartzo-

feldspathic rocks.

The chief alternative to this mechanism is a system-

atic change in the bulk composition of the rocks at the

biotite line. The available modal data, however, suggest

that no such change occurs. Schists from the chlorite and

biotite zone plot in the same region of the appropriate

diagrams in Figure 44, and therefore have very nearly the

same bulk composition, neglecting silica and water.
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Figure 44 : AKF plots illustrating the formation of

biotite from celadonite proj^ressively released from

sericite on increasing metamorphic grade, as suggested

by Lambert (unpublished thesis; see Yoder, 1957, p.

55-58). The position of point x is based on analyses

given by Lambert. The solid circles represent the

positions of the rocks in each diagram from along the

Potomac Hiver, based on modal analyses. The open

circles represent the rocks from the other two diagrams

See text for discussion.
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If the biotite did form as the result of a change

in the composition of the sericite, then the biotite line

is not an isograd, for although it does mark a change in

raetamorphic grade, its position also varies with small

differences in the bulk composition of the rocks. The

biotite line, therefore, need not represent the same raeta-

morphic grade all along its extent.

Garnet-zone Rocks : Garnet-zone rocks are exposed

along the Potomac River both in a narrow belt about 0.2

miles wide between the biotite zone and the staurolite

zone near Great Falls, and also in a wide belt extending

eastward from near Bear Island to Washington, D.C. (Figure

39). The eastern belt really consists of two parts separ-

ated by the high-grade rocks near Stubblefield Falls, but

the rocks in the two parts are very similar, and will be

described together.

All the rocks in the western belt of the garnet zone

belong to the Vt'issahickon Formation; those in the eastern

belt belong to the iVissahickon and iiykesville Formations,

and to various metamorphosed intrusive rocks.

In the garnet-zone rocks west of Great Falls, the

rocks are very similar in appearance to those in the

eastern part of the biotite zone; the main difference is

that the garnet-zone rocks are slightly coarser granied.
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The garnet forras deep red dodecahedra up to 0.5 millimeter

in diameter, and the biotite and chlorite occur as dis-

crete 0.5-1.0 millimeter flakes, set in a matrix of mus-

covite veined with thin quartz stringers. The twisted

muscovite -chlorite knots found in the biotite zone are

present in the garnet zone also, but they are somewhat

less conspicuous in hand specimen, because of the coarser-

grained matrix.

The garnet-zone rocks east of Bear Island, however,

differ markedly in their textures. The chlorite - mus-

covite knots disappear, and the rocks become notably

coarser grained, with biotites up to 2 millimeters long

and garnets to 5 millimeters. The Wissahickon rocks are

mainly quartz - mica schists with quartzose sej^regation

bands up to one inch thick. The Sykesville rocks are

coarsely granular mica - quartz gneisses, containing num-

erous metamorphosed shale chips ana foreign rock fragments

(Figure 7)

.

Despite these variations in texture the mineral

assemblages in both garnet-zone belts are essentially

the same, and will be considered together.

The assemblages in the pelitic and quartzo-feldspathic

rocks differ from those of the biotite zone mainly in con-

taining pyralspite garnet, and in lacking hematite. The

critical assemblages are:
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6. garnet - chlorite - biotite - magnetite -

plagioclase - epidote - muscovite - quartz;

7. garnet - biotite - magnetite - plagioclase -

epidote - muscovite - quartz;

8. garnet - microcline - biotite - magnetite -

plagioclase - epidote - muscovite - quartz;

9. garnet - microcline - magnetite - plagioclase -

epidote - muscovite - quartz;

10. biotite - microcline - magnetite - plagioclase -

epidote - muscovite - quartz.

In addition, the assemblage:

(4) biotite - chlorite - magnetite - plagioclase -

epidote - muscovite - quartz.

is common in garnet-zone rocks of the appropriate bulk

composition. Modal analyses of typical garnet-zone rocks

are listed in Tables 2 and 5.

The garnets from the metasedimentary rocks are all

pyralspites; ranging from Sp AI , Py to approximately

SPioo (Figure 36).

The muscovite is coarser grained than that in the

eastern part of the biotite zone. It forms distinct flakes

up to two millimeters long, and shows sharp grain

boundaries suggestive of equilibrium with the other miner-

als.

The biotite occurs as flakes up to two millimeters

long that are segregated into thin layers parallel to the

schistosity. It shows about the same range in refractive

index and FeO/ FeO + MgO as the biotite in the other

metamorphic zones (Figure 34)

.





165

The chlorite has two distinct modes of occurrence.

In some rocks it forms small, irregular flakes fringing

biotite and garnet crystals, clearly the product of

retrograde metamorphism. But in many other rocks, from

both the eastern and western belts of the garnet zone,

the chlorite was apparently in equilibrium for it forms

coarse, idomorphic flakes with sharp contacts against

rauscovite, biotite and garnet. (Figure 45) These last

chlorites have the same range in optical properties and

presumably in composition as those from the chlorite and

biotite zones (Figure 35)

.

The magnetite occurs in fine granules, or coarse

skeletal octahedra, disseminated through the rocks and

apparently in equilibrium.

The plagioclase, especially that from the Sykes-

ville Formation, has two distinct habits: irregular

porphyroblastic grains of oligoclase, whose boundaries

interfinger with the matrix; and rounded, apparently de-

trital grains of andesine which are in various stages of

alteration to more sodic plagioclase plus sericite or

saussurite. Apart from the detrital relics, obviously

in disequilibrium, most of the plagioclase is fresh,

and shows sharp grain boundaries suggesting that it is

in equilibrium with the other minerals present.

Microcline has been found only in rocks of the Ken-

sington Gneiss, where it shows sharp grain boundaries
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Figure 45: Photomicrograph o£ garnet - mica -

quartz gneiss of the Sykesville Formation. Single

flakes of chlorite (ch) and of biotite (bi) are in

sharp contact with garnet (g) , and were apparently

in equilibrium. Magnetite (opaque) and muscovite

(ras) occur nearby, ano also appear to have been in

equilibrium. Epidote (e) is also present (X 50,

plane light)

.

Figure 46 : Plot of cation raol ratios in coexist-

ing biotite and garnet from rocks along the Potomac

River, based on data in Tables 12 ana 15. Note the

regular distribution of cations in coexisting pairs.
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indicating equilibrium (Figure 16).

A plot of the optically estimated FeO/ FeO + MgO

ratios in coexisting garnet-zone chlorites and biotites

gives a nearly straight line relationship indicating

equal distribution of iron between the two, in contrast

to the plot of biotite-zone chlorites and biotites

(Figure 43) . Comparison of the two plots suggests that

with advancing metamorphism the range in the biotite FeO/

FeO + MgO ratio expands, taking up either more iron or

more magnesium as required by the bulk composition of the

rock, but shows no systematic shift toward either more

iron-rich or more magnesium-rich biotites.

A plot of coexisting biotite - garnet pairs from the

garnet-zone rocks shows that as the garnets become pro-

gressively richer in iron, the associated biotites do

also (Figure 46) . The variation is much greater in the

garnets than in the biotites, however.

The close sympathetic relationship between the com-

positions of coexisting minerals shown by these plots

supports the textural evidence indicating that the rocks

attained internal equilibrium. Moreover, the mineral

assemblages obey the mineralogical phase rule. There-

fore, the assemblages may be plotted in Plate IV.

Garnets in equilibrium with chlorite, biotite, mag-

netite, and Muscovite are part of a five phase assemblage
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in the five component AKFMgMn system. According to the

phase rule, therefore, they should have a fixed composi-

tion, independent of the bulk composition of the rocks,

under constant external conditions. This is actually the

case: the garnets from rocks with this assemblage are

very nearly constant in composition, being clustered

around Pyio'^P50^-^40 (^^S^^^ 36). This value, therefore,

was taken as the apex of the corresponding tie triangle

in Plate IV. Other garnets, coexisting only with biotite,

form the terminus of a tie line representing a four

phase assemblage in the same five component system.

These garnets, according to the phase rule, should have a

variable composition; and the geometry of the diagram

shows that they should be richer in spessartite than the

garnets coexisting with both biotite and chlorite. This

is borne out by sample 120-A, which lacks chlorite and

contains garnet with the composition Spgo^YsAl]^. Garnets

in equilibrium with microcline and biotite belong to a

different five phase assemblage. Here again, the phase

rule indicates that they should have a fixed composition,

and the diagram requires that they contain less iron than

garnets from any other assemblage. Sample 71-A, with

biotite, microcline and garnet, contains garnet of com-

position SpyyGrgo. Neglecting the grossularite, this

garnet plots as pure spessartite. This striking agreement
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between predicted and observed behavior of the garnet

compositions further supports the idea that the rocks

were in internal equilibrium, and that the components

have been correctly assessed.

In the CANK plot (Plate IV), the positions of the

muscovite and microcline are indicated only approximately,

for their compositions are unknown. The composition of

plagioclase in equilibrium with epidote is given as

Ano^, which is the composition of the plagioclase in

equilibrium with epidote in sample 102-C (Table 16)

.

The progressive increase in the anorthite content of

the plagioclase shown by the CANK plots for the chlorite,

biotite and garnet zones accords with the systematic

relation between the grade of metamorphism and the anor-

thite content of plagioclase noted by many authors and

recently reviewed by Noble (1962). As pointed out by

Noble, the reaction involved is a sliding equilibrium,

approximately represented by the equation:

sodic plagioclase + epidote = calcic plagioclase + H2O,

with increasingly calcic plagioclase stable at progress-

ively higher grades of metamorphism. This equation as

written is not balanced, for calcic plagioclase contains

more aluminum per calcium ion than can be accommodated in

epidote, and the progressive breakdown of epidote with

increasing metamorphic grade will release varying amounts

of iron.
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The process by which garnet formed at the garnet

line is not altogether clear, partly because the rocks

record no textural evidence of the mechanism. Several

schemes have been suggested in the literature, but none

account very satisfactorily for the relations observed

in these rocks. Tilley (1928, p. 43-44) suggested that

garnet could form from the chlorite of the biotite-zone

rocks. Along the Potomac Hiver, however, the chlorites

neither disappear nor change noticeably in composition

at the garnet line. Ramberg (1952, p. 57) suggested that

garnet might form by a reaction similar to:

biotite + muscovite + quartz = K-feldspar +
garnet + H2O,

but potassium feldspar is not a common constituent of the

garnet-zone rocks alon^ the Potomac. Yoder (1952, p.

623) suggested that the garnet line could represent meta-

stable equilibrium; that is, garnet could be theoretically

stable at lower grades but could fail to appear there,

owing to slow reaction rates. Thus the garnet line might

reflect the attainment of an appreciable rate of garnet

growth, rather than the completion of an equilibrium re-

action. However, the breakdown of garnet to chlorite plus

muscovite during retrograde metamorphism indicates that

garnet is not stable in these rocks under conditions of

low grade metamorphism. Therefore, Yoder 's hypothesis

seems unsatisfactory for the appearance of garnet in these

rocks

.
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One possible x'eason for the development of garnet

is that it formed by some mechanism involving gradual

changes in the composition of the solid solution minerals,

similar to the mechanism already proposed for the forma-

tion of the biotite. The two analyzed biotites show a

slight decrease in MnO content with increasing meta-

morphic grade. Miyashiro (1953, p. 188) has shown that

a decrease in the MnO content of biotites is very common

in regional raetamorphisra; hence it is possible that the

garnet has formed from MnO gradually released from the

biotite with advancing metaraorphism. This mechanism may

be visualizea in the AKFMgMn plot as the gradual shift of

the tie line representing the most manganese-rich

biotite - chlorite pair toward the AI2O3 - MgO side of

the diagram, until finally the tie line crosses the bulk

composition of the rocks, which accordingly enter the

three-phase field chlorite - biotite - garnet.

Another possible mechanism is suggested by the dis-

appearance of hematite at or near the garnet line. If

the rocks are assumed to be open to oxygen, then the dis-

appearance of hematite amounts to passing; from a buffered

system to an unbuffered one, at a lower oxygen pressure

(see Eugster, 1959) . Such a decrease in oxygen pressure

would favor growth of garnet according to a reaction like

that described by Chinner (1960, p. 200):
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muscovite + 4 hematite + 2 quartz = Fe-biotite
+ alinandine + 2 O2.

A choice between these two explanations for the

appearance ox garnet cannot be made without more accurate

data on the MnO contents and FeO/ Fe203 ratios of the

minerals on both sides of the garnet line. But in either

case, the garnet line is not a true isograd, for the

first appearance ox garnet would reflect either the MnO

content or the oxygen buffering capacity (roughly equiv-

alent to the oxygen content; see Eugster, 1959) of the

rocks, rather than the simple attainment of a particular

set of pressure and temperature conditions.

Staurolite Zone Rocks : Rocks belonging to the

staurolite zone have been identified along the Potomac

River only in two narrow belts in the Wissahickon Forma-

tion, flanking the kyanite and sillimanite-zone rocks at

Bear Island. (Figure 39) Originally, staurolite-zone

rocks probably flanked the migmatites at Stubblefield

Falls also, but the mineral assemblages have been ob-

literated by retrograde metamorphism. The location of the

inferred staurolite lines near Stubblefield Falls is

therefore hypothetical (Figure 39)

.

The fresh staurolite-zone rocks are mainly micaceous

schists, similar in appearance to those of the western

garnet-zone belt except that they are somewhat coarser-grained.
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and lack the twisted chlorite - muscovite knots. Pseudo-

raorphs after staurolite up to two centimeters lon^^ com-

posed of glimmer aggregate, occur with garnets and

biotite in a matrix of finer quartz and muscovite.

Commonly, quartz is segregated into thin veinlets which

bend around the staurolite pseudomorphs, and are crinkled

by the slip cleavage.

The equilibrium mineral assemblages differ from the

garnet-zone assemblages chiefly in containing staurolite

and lacking chlorite. The critical mineral assemblages
and

in the pelitic/quartzo-feldspathic rocks are:

11. garnet - staurolite - biotite - magnetite -

plagioclase - muscovite - quartz;

12. staurolite - biotite - magnetite - plagioclase -

muscovite - quartz.

In addit ion, the assemblage

(5) biotite - magnetite - plagioclase - muscovite -

quartz

is common in rocks of the appropriate bulk composition.

Modal analyses of representative staurolite-zone rocks

are listed in Table 2.

Most of the staurolite has been retrot^ressively

altered to a shimmer aggregate composed of minute scales

of muscovite and chlorite, which perfectly mimics the

irregular, seived, porphyroblastic texture of the original

staurolite (Figure 47). In only one specimen (161-A)
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is staurolite preserved; it occurs as disconnected light

yellow relics in optical continuity, embedded in a paste

of chlorite and muscovite . The relics are inunediately

surrounded by a thin rind of pale green, nearly isotropic

chlorite which grades outward into the shimmer aggregate

proper, composed of from 80 per cent to 90 per cent mus-

covite, with the remainder chlorite and magnetite. The

individual muscovite and chlorite flakes are randomly

oriented, and average about 0.02 millimeter long.

Several staurolite-zone rocks contain small, stubby

pseudomorphs of an aluminum silicate, probably andalusite.

They consist of fine sericite, surrounded by a thick rind

of muscovite which is of the same grain size as the mus-

covite in the remainder of the rock, and which inter-

penetrates with, and appears to be in equilibrium with,

the minerals of the matrix. There is no good evidence

that the andalusite was stable at the peak of metamorphisra.

Instead, the coarse muscovite selvedges suggest that the

andalusite may have become unstable, and been partly

altered to muscovite at or near the peak of metaraorphism.

Therefore, it seems best not to include andalusite in

the equilibrium assemblage diagrams for the staurolite-

zone rocks

.

The biotite is pleochroic from reddish brown (Y = Z)

to very light brown (X) , and has the same range in
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refractive index and presumably in FeO/ FeO + MgO as

biotite from the other metamorphic zones (Figure 34)

.

Scattered flakes of biotite occur within the staurolite

pseudoraorphs, suggesting that the two were in equili-

brium during the peak of metamorphism.

Chlorite is present in small amounts in some of

the staurolite-zone rocks, but only as a retrograde

alteration product of staurolite or biotite. There is

no evidence to indicate that chlorite was stable in these

rocks during the progressive metamorphism.

The garnets are irregular, ruby red anhedra, locally

seived with quartz and magnetite. They show sharp con-

tacts with the biotite, and are enclosed by the stauro-

lite pseudomorphs ; therefore they were probably in

equilibrium with both during the progressive metamorphism.

The two staurolite-zone garnets—both near AlggSpsoPyio

—

are richer in iron than those of the garnet-zone (Table

15) . These data may indicate that garnet can accommodate

increasing amounts of iron with advancing metamorphism,

as suggested by Miyashiro (1953). The biotites associated

with these garnets are slightly richer in iron than the

garnet-zone biotites (Figure 46).

The muscovite occurs as flakes up to 0.5 millimeter

long, showing sharp boundaries suggestive of equilibrium.

Commonly, it is segregated into thin micaceous laminae

parallel to the schistosity.
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Plagioclase is present as small, untwinned grains

intergrown with quartz, in amounts too small for ready

separation. None was found coexisting with epidote.

These textures and the regular distribution of iron

between the biotite and garnet suggest that the rocks

were approximately in internal equilibrium near the peak

of metamorphism. For these reasons, and because the

observed assemblages conform to the mineralogical phase

rule, the assemblages may be plotted in composition

diagrams (Plate IV)

.

The position of staurolite in the AKFMg and AKFMgMn

plots is based on the average of six modern analyses of

staurolites published by Juurinen (1956, p. 29). The

biotite field is based on the analysis of a biotite from

a staurolite - bearing rock in Baltimore County, Maryland

(Table 11), together with the range in FeO/ FeO + MgO

inferred from the refractive index measurements (Figure

34) . The composition of garnet in equilibrium with

biotite and staurolite is taken as Al QSpoQPy-,Q, the

approximate composition of the garnets in 174-A and 174-C,

(Table 15) . The extension of the garnet solid solution

field toward spessartite is based on the occurrence of

spessartite-rich garnets in both the lower grade garnet-

zone rocks and the higher-grade kyanite and sillimanite-

zone rocks; it is inferred that spessartite-rich garnets
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must have been stable in staurolite-zone rocks of the

proper bulk composition, though none were encountered in

this study.

Rocks which plot within the triangular field

staurolite - biotite - garnet contain five minerals in

the five component AKFMgMn system, and, according to the

phase rule, the constituent minerals should have fixed

compositions under constant external conditions. The

near identity of both the biotite and the garnet from

rocks with this assemblage, therefore, supports the idea

that these rocks were in internal equilibrium (Figure 46)

.

Because no plagioclase was found in equilibrium

with epidote in the staurolite zone, the composition of

the limiting plagioclase in the CANK diagram is unknown.

It is probably close to An33, the approximate composition

of the most anorthite-rich plagioclase in both the gar-

net and sillimanite zones.

The staurolite-zone roclcs contain no textural evidence

of the process by which staurolite appeared. But the

differences between the AKFMg and AKFMgMn plots for the

staurolite zone and those for the garnet zone provide a

strong clue (Plate IV). In the garnet-zone diagrams,

staurolite is prevented from coexisting with biotite by

the intervention of the chlorite - magnetite tie line.

Consequently, the stable coexistence of staurolite and





177

biotite in the staurolite-zone rocks shows that chlorite

is no longer stable with magnetite in rocks of the com-

position considered here. This switching of tie lines,

reflecting a change in compatible associations of miner-

als, represents one type of the discontinuous reactions

discussed in the section on the graphical analysis of

mineral assemblages. Using the compositions given in

the section on mineralogy and the average of Juurinen's

(1956) modern analyses of staurolite, the reaction may be

written:

11.8 chlorite + 15.9 muscovite + 0.9 magnetite =

18.9 biotite + 8.0 quartz + 5.4 staurolite
+29.3 H2O + 0.5 Og.

Since garnet is stable on both sides of the reaction, an

assemblage "frozen" while the reaction was in progress

would contain six minerals in the five component AKFMgMn

system. Therefore, the reaction would appear as a uni var-

iant curve on a P,T diagram, or as an (n+1) -variant sur-

face in (n+2) -dimensional space (see section on the

graphical analysis of mineral assemblages) . Since the

reaction can be represented by such a surface, it is in-

dependent of the bulk composition of the rocks, and can

proceed only under definite physical conditions. Thus,

the staurolite line, which represents the intersection

of the reaction surface with the ground level, may be re-

garded as a true isograd.
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It should be noted that chlorite of a different com-

position may persist stably above the staurolite line, in

rocks of a special bulk composition, not encountered in

this study. Plate IV shows that such a rock would have

to be extremely poor in MnO, since it must lie on the

AI2O2 - MgO side of the biotite - staurolite tie line.

Kyanite-Zone Rocks : The kyanite-zone rocks crop out

near Great Falls in a belt approximately 0.5 miles wide,

between the staurolite and silliraanite zones (Figure 39)

.

East of Bear Island, the kyanite zone appears to be miss-

ing between the staurolite and sillimanite zones. Some

of the rocks near Stubblefield Falls may also have been

in the kyanite zone, but their original mineral assem-

blages have been obliterated by late shearing and retro-

grade metamorphism. All the rocks known to belong to the

kyanite zone are part of the Wissahickon Formation.

The kyanite-zone rocks resemble those of the stauro-

lite zone, but they contain long, bladed pseudoraorphs of

an aluminum silicate, presumed to be kyanite (Figure 48),

and they lack staurolite.

The assemblages inferred to have been in equilib-

rium are :

13. kyanite - biotite - garnet - magnetite -

plagioclase - epidote - muscovite - quartz;
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14. kyanite - biotite - magnetite - plagioclase -

epidote - muscovite - quartz;

15. garnet - biotite - magnetite - plagioclase -

epidote - muscovite - quartz.

In less aluminous rocks the assemblage:

(5) biotite - magnetite - plagioclase - epidote -

muscovite - quartz

is also common.

The kyanite pseudomorphs are shimmer aggregates com-

posed chiefly of fine grained, scaly flakes of sericite

in random orientation. In some, small amounts of quartz

and magnetite are also present, and may represent relict

inclusions. These pseudomorphs are thought to be

derived from kyanite because of three facts: their bladed

habit; their present mineral composition, which suggests

that the parent mineral consistec mainly of AI2O3 and

SiOo; and their occurrence in a belt of rocks between the

staurolite and silliraanite zones, where kyanite is common

in many other regionally metamorphosed areas.

The biotite in the kyanite-zone rocks appears

identical to the staurolite-zone biotite. It has the same

range in refractive index and therefore FeO/ FeO + MgO as

the biotite in the other metamorphic zones (Figure 34).

A chemically analyzed biotite from a kyanite schist in

Baltimore County, Maryland (Table 11) is similar in most

respects to the analyzed biotite from the garnet zone;
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both are low in alkalis, high in Al , and have an inter-

mediate FeO/ FeO + MgO ratio. The principle differences

are that the kyanite-zone biotite has less Fe"^"*"*" and

correspondingly more Ti and Mg; the Mn content is also

slightly lower. These results are in accord with the data

given by Vallance (1960, p. 99-100), who showed that in

biotites Fe"*"*"*" generally decreases with advancing grade

in metamorphism, while Ti increases. Miyashiro (1953,

p. 188 and 1958, p. 265) suggested that the Mn content of

biotites tends to decrease with increasing grade of meta-

morphism. Snelling (1957) suggested that the Al^^ con-

tent of biotites increases with advancing grade, but these

analyses show no notable change.

Chlorite occurs in the kyanite-zone rocks only in

small, irregular flakes intergrown with, or fringing

biotite. It is clearly a retrograde alteration of the

biotite, and was almost certainly not present during the

progressive metamorphism.

Garnet is scarce in the kyanite-zone rocks, probably

owing to a limited range in their bulk composition. One

of the garnets (162-B) has the composition Sp^2Al2iPy7»

suggesting that spessartite-rich garnets are stable even

at this grade of metamorphism. Probably more almandinous

garnets are also stable, in rocks of the proper bulk com-

position.
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Plagioclase is present as small, untwinned grains

intergrown with quartz. None was found in equilibrium

with epidote.

The mineral assemblages inferred to have been in

equilibrium are plotted in Plate IV. The biotite com-

position plotted in the AKFMg and AKFMgMn diagrams is

that of the analyzed kyanite-zone biotite from Baltimore

County (Table 11) . The composition of the garnet in

equilibrium with biotite and kyanite is hypothetical,

since no garnets from rocks with this assemblage were

investigated. The extent of solid solution toward

spessartite must extend at least as far as Sp'72> "ti^^ com-

position of the garnet in 162-B, Since this garnet does

not coexist with microcline, however, it does not re-

present the most spessartite-rich garnet possible at

this grade of metaniorphism, and so the range of solid

solution is arbitrarily extended to Sp-j^QQ.

Because no plagioclase was found in equilibrium with

epidote in the kyanite-zone rocks, the composition of

the most anorthite-rich plagioclase stable at this grade

of metamorphism is unknown; it is probably near An„„,

roughly the maximum anorthite content in plagioclase both

in the sillimanite zone and in the garnet zone, and this

is the value plotted in the CANK diagram.
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These rocks contain no textural evidence of the

process by which kyanite developed at the kyanite line.

But the disappearance of staurolite from the kyanite -

biotite - magnetite field in the AKFMg and AKFMgMn dia-

grams shows that the kyanite line corresponds to the

breakdown of staurolite by some reaction close to:

1.4 staurolite + 0.92 muscovite =1.1 biotite
+ 12.0 kyanite + 2.9 magnetite + 0.93 quartz
+2.5 H2O,

where the mineral compositions are based on the determina-

tions in the section on mineralogy.

Since garnet is stable on both sides of this re-

action, an assemblage "frozen" while the reaction was in

progress would contain six minerals in the five-component

AKFMgMn system. Thus, it may be represented as a uni-

variant curve on a P,T diagram, and can proceed only under

definite physical conoitions. In the terminology of the

section on the graphical analysis of mineral assemblages,

it is a discontinuous reaction. Therefore, it is justi-

fiable to treat the kyanite line as an isograd.
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Sillimaaite-Zone Rocks : The silliraanite-zone rocks

crop out in a belt 0.8 miles wide, centered on Bear Island

(Figure 34) . They include schists and metagraywackes of

the Wissahickon Formation, amphibolites, raigraatites and

associated granitic rocks. Nearly identical migmatites and

granitic rocks also occur near Stubblefield Falls, about

three miles east of Bear Island. Because the migmatites

near Bear Island are virtually confined to the sillimanite

zone, the rocks at Stubblefield Falls were probably once

in the sillimanite zone also; but the original mineral

assemblages have been obliterated by retrograde raetamorphism

and the zonal boundaries cannot be accurately located.

They are arbitrarily placed at the limits of the raigmat-

itic rocks (Figure 39)

.

The rocks of the sillimanite zone are coarser-grained

than those of the kyanite zone, and the light and dark

constituents are more strongly segregated. The rocks are

mostly coarse-grained sillimanite - mica schists, or

mica - quartz gneisses derived from metagraywackes.

Pseudoraorphs of stubby andalusite prisms are common in the

pelitic rocks (Figure 49). Porphyroblasts of sodic plagio-

clase up to one inch across are also common, and are

locally segregated with quartz into the migmatitic veins

and pod-shaped aplite bodies described in the next section.







Figure 49 : Shimmer aggregate pseuclomorphing a

stubby prism of andalusite, just above the

pencil. Eastern part- of Bear Island, IJaryland,
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In the mica - quartz gneisses, tabular segregations

up to three inches long of biotite, magnetite and

epidote are surrounded by "bleached" zones composed

mainly of quartz, muscovite and feldspar. Similar fea-

tures have been described by Knill (1959) from Ireland.

The clots clearly represent some sort of segregations,

and because they occur only within the sillimanite-zone

rocks, they are probably of raetamorphic origin.

The mineral assemblages in the sillimanite zone

differ from those in the kyanite zone mainly in contain-

ing sillimanite in place of kyanite, and in having

microcline locally in equilibrium with an aluminum

silicate. The evidence described below suggests that

the most stable assemblages at the peak of metamorphism

in the pelitic and quartzo-feldspathic rocks were:

16. garnet - sillimanite - biotite - magnetite -

plagioclase - epidote - muscovite - quartz;

17. sillimanite - biotite - magnetite - microcline
- plagioclase - epidote - muscovite - quartz;

18. biotite - magnetite - plagioclase - sillimanite
- epidote - muscovite - quartz.

In addition, the assemblages

(5) biotite - magnetite - plagioclase - epidote -

muscovite - quartz;

(7) garnet - biotite - magnetite - plagioclase -

epidote - muscovite - quartz

are found in rocks of the appropriate bulk composition.





185

The silliinanite occurs chiefly as felted mats of

minute needles. The mats roughly parallel the schistosity,

but the individual needles swirl and bend irregularly

(Figure 50) . In places the needles are embedded in

quartz, and locally they are in contact with microcline.

But most commonly, the sillimanite is growing in random

orientation in coarse flakes of muscovite (Figure 50).

Pseudomorphs of stubby andalusite prisms are wide-

spread in the pelitic rocks, indicating that andalusite

must once have been common (Figure 49) . Elongate pseudo-

morphs probably derived from kyanite also occur in the

sillimanite-zone rocks, especially near the sillimanite

line. The occurrence of all three polymorphs of Al2Si05

in these rocks poses a problem, for according to the

phase rule only one polymorph should have been stable

in any given rock at the peak of metaraorphism.

The experimentally-determined stability relations

of the three Al2Si05 polymorphs indicate that at any

given pressure, sillimanite is stable at higher tempera-

tures than either kyanite or andalusite (Clark, Robert-

son and Birch, 1957). Presumably, therefore, the silli-

manite represents the peak of metamorphism in these

rocks. In sample 245e , relics of andalusite are altered

partly to sillimanite (Figure 51) ana partly to muscovite

^Kindly loaned by J. Jolly of the U.S. Geological
Survey.







Figure 50: Photomicrograph of sillimanite - mica

schist from the Wissahickon Formation, showing

swirled mats of sillimanite needles (si) growing

in coarse muscovite flakes (ms) . Biotite (b)

,

quartz (q) and magnetite (opaque) are also present

Southeastern end of Bear Island, iMaryland (X 50).

Plane light.

F igure 51 : Photomicrograph of sillimanite - mica

schist from the V/issahickon Formation, showing

tufts of sillimanite needles (si) fringing relics

of a single crystal of andalusite (a), with numer-

ous inclusions of magnetite. Muscovite (m) and

chloritized biotite (b) are also present. South-

eastern part of Bear Island (X 50, plane light)

.
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which is itself altered to sillimanite ; the muscovite

occurs as coarse plates enclosing scattered, optically

continuous relics of andalusite, and is partly re-

placed by a mat of sillimanite needles. These textures

suggest that the andalusite formed during rising raeta-

morphisra, and broke down to sillimanite as the rocks

approached peak raetamorphic conditions. Probably the

same applies to the kyanite in these rocks, although

textural evidence for the breakdown has been obscured

by retrograde metamorphism. For these reasons, only

sillimanite will be plotted in the assemblage diagrams

for these rocls .

The biotite occurs in well-formed flakes up to one

centimeter long, which are pleochroic from dark olive

green or reddish brown (Y = Z) to light brown (X) . It

is concentrated in discontinuous clots and thin laminae,

and commonly is segregated with magnetite and epidote.

The range of FeO/ FeO + MgO ratios in the sillimanite-

zone biotites is evidently the same as in the biotites

from the other metamorphic zones (Figure 34) . Much of

the biotite is partly altered to muscovite and chlorite,

which occur as irregular parallel intergrowths fringing

the biotite. The chlorite is clearly a retrograde alter-

ation product, and there is no evidence to indicate that

it was stable during the peak of the metamorphism, or

that the biotite was unstable.





187

The garnets in the unaltered sillimanite-zone rocks

are fresh, ruby red dodecahedra with sharp boundaries,

and appear to have been in equilibrium during the peak

of the metaraorphism. The only silliraanite-zone garnet

which could be separated in sufficient quantity for a

complete determination (95-A) has the composition

Sp8iAl]^4Py5, indicating that spessartite-rich garnets

were stable in the sillimanite zone as well as at the

lower grades of metamorphism. Presumably, garnets richer

in alraandine were also stable in rocks of the proper

bulk composition.

The muscovite formed during the progressive meta-

morphism occurs as coarse flakes up to one centimeter

long, and is commonly segregated in thin, micaceous

laminae parallel to the schistosity. It shows sharp

grain boundaries and no evidence of reaction, except with

the aluminum silicates, as already described. It con-

tains between 4 per cent and 13 per cent paragonite in

solid solution (Table 10)

.

The plagioclase occurs mainly as anhedral to sub-

hedral grains with albite twinning, segregated with

quartz, or in discrete porphyroblasts up to two centi-

meters across. Its composition is variable from nearly

pure albite, in the migmatites and associated granitic

rocks, to sodic andesine (An32) apparently in equilibrium

with epidote in the araphibolites (Figure 37)

.
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Microcline occurs mainly as five-millimeter anhedral

crystals with well developed cross-hatch twinning in the

quartzo-feldspathic veinlets, but it locally forms euhedra

up to three inches long in the pegmatites. Much of the

microcline has been sericitized during retrograde meta-

morphism, but in unaltered rocks like 11-B, it shows

sharp contacts suggestive of equilibrium with the other

minerals, notably muscovite and sillimanite.

Cordierite was identified by Reed and Jolly (1962)

in the rocks here assigned to the sillimanite zone, but

I have found none, some rocks contain shimmer aggregates

of muscovite and chlorite which may be derived from

cordierite, but their parentage is by no means certain.

Because it is not clear in which, if any, of the assem-

blages listed above cordierite belongs, it will not be

considered further. If cordierite should later be shown

to have been stable, the assembla^ies will have to be

modified accordingly.

The mineral assemblages inferred to have been in

equilibrium at the peak of metaraorphism are plotted in

Plate IV. The field of biotite in the AKFMg and AKFMgMn

plots is based on the determinations listed in the sec-

tion on mineralogy. The composition of the garnet in

equilibrium with biotite and sillimenite is hypothetical,

since no garnets from rocks with this assemblage could





189

be separated. The range of solid solution toward spess-

artite must extend beyond Spgj^, the composition of the

garnet in 35-A; it is arbitrarily extended to Sp^^QQ.

The CANK diagram is more complicated. Sample 11-B

contains muscovite, sillimanite and raicrocline apparently

in equilibrium with plagioclase having the composition

An^^^ (Table 16) . By plotting this assemblage in the

CANK tetrahedron (Plate IV) it is seen that the plane

sillimanite - microcline - plagioclase (An]^4) rules out

assemblages containing muscovite and plagioclase more

sodic than Ani4. But this pair is widespread in the

sillimanite zone, particularly in the thin quartzo-

feldspathic segregation veinlets, and replacement aplites,

where the assemblage muscovite - albite (An^) is common.

Therefore, it seems that although most of the rocks in

the sillimanite zone appear to have been in internal

equilibrium, they did not attain mutual equilibrium.

There are several possible explanations: perhaps the num-

erous amphibolite bodies in the sillimanite zone acted

as barriers to the free migration of water, leading to

local gradients in the water pressure; possibly the water

pressure was abnormally high in the vicinity of the peg-

matites described in the next section; or perhaps the

different assemblages represent different stages in a

series of equilibrium steps leading to the "highest grade"

assemblage displayed by specimen 11-B.
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But regardless which of these possibilities is

correct, it is clear that two CANK plots are needed to

represent all the assemblages in the sillimanite zone.

In both of these plots, the maximum anorthite content of

plagioclase is taken as An^^, which is the composition of

plagioclase apparently in equilibrium with epidote in

3-F (Table 16) . The muscovite compositions are based on

the determinations in Table 10.

The failure of the anorthite content of the plagio-

clase in equilibrium with epidote to increase in passing

from the garnet zone to the sillimanite zone is surpris-

ing, in view of the systematic relationship between an-

orthite content of plagioclase both in the lower grade

rocks along the Potomac, and in raetamorphic rocks from

many other areas (see Noble, 1962). Since the equilibrium

between plagioclase and epidote depends partly on the

partial pressure of water, this abnormal behavior of the

plagioclase composition could reflect unusual fluctua-

tions in water pressure in relation to raetamorphic grade.

Either abnormally high water pressure in the sillimanite-

zone rocks, or abnormally low water pressure in the

garnet-zone rocks could explain the observed relations.

The change from kyanite to sillimanite as the

stable aluminum silicate in the assemblage diagrams shows

that the sillimanite line corresponds to the polymorphic
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transition:

kyanite = sillimanite

.

Because this reaction involves two minerals in a one-

component system, it can occur only under definite

physical conditions, and the sillimanite line may be

treated as an isograd in the true sense.

The presence of the bladed kyanite pseudomorphs in

the sillimanite-zone rocks implies that some sillimanite

may have formed directly from kyanite. The formation

of sillimanite from andalusite demonstrated above (Figure

51) probably reflects local differences in pressure and

temperature within the sillimanite zone. The stability

relations of the aluminum silicates suggest that the

rocks where kyanite predated sillimanite were at slightly

higher pressures than those where andalusite was present

(Clark, Robertson and Birch, 1957).

The textures visible in thin section strongly suggest

that some sillimanite formed from Muscovite, as well as

from kyanite and andalusite. The sillimanite occurs as

swirled, felted mats of fine-grained needles growing at

all angles in coarse muscovite flakes (Figure 50), and it

is most common in the muscovite-rich layers. The random

orientation of the sillimanite suggests that it is grow-

ing at the expense of the muscovite, not as an epitaxial

growth like that described by Chinner (1962).







Figure 52 : Approximate stability relations of the

white inicas at 2,000 bars pressure, based on

EugSter and Yoder's (1955, p. 125) diagram for the

join muscovite - paragonite, modified for the pres-

ence of excess quartz by lowering the breakdown

temperatures of the end members 155*^ (Miyashiro,

1960), The mica solvus is basec on Sugster's (1955)

data, the feldspar solvus on Orville 's (1960) cata.

The abbreviations are: ab = albite solid solution,

IS = feldspar solid solution, rac = raicrocline

solid solution, ms = Muscovite solid solution,

pg = paragonite solici solution, qz = quartz, si =

sillimanite

.
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The stability relations of the white micas, summarized

in Figure 52, indicate that two assemblages are to be ex-

pected where a muscovite containing some paragonite in

solid solution is breaking down to form sillimanite. The

muscovite should lie along the curve which bounds the

upper part of the area labeled ras"^ in Figure 52, and

should coexist with either sillimanite, quartz and sodic

plagioclase (between 520° and 540° in the diagram), or

with sillimanite, quartz, microcline, and possibly a cal-

cium-bearing plagioclase (between 540° and 555° C)

.

These are exactly the assemblages found in the

sillimanite-zone rocks along the Potomac. Specimen 15-A,

containing sillimanite, plagioclase (An-, g) , muscovite and

quartz (plus biotite, magnetite, and garnet) represents

the lower temperature assemblage, while 11-B, with

sillimanite, microcline, plagioclase (Anj^^), muscovite

and quartz (plus biotite and magnetite) typifies the

higher temperature assemblage. Figure 52 indicates that

the muscovite in equilibrium with microcline should be

more potass ic than that from the lower temperature assem-

blage; this is in fact the case, the muscovite in 15-A

being Ms3gPg-]^2» while that in 11-3 is MSgQPg^Q (Table 10).

Thus, both the mineral assemblages and the muscovite

compositions are in accord with the textural evidence

showing that the muscovite is breaking down to form silli-

manite .
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These three reactions which formed the sillimanite

were closely interrelated. The progressive breakdown of

muscovite required that one of the three aluminum silic-

ates be formed. The reaction of kyanite to sillimanite

and of andalusite to sillimanite determined which poly-

morph was actually formed.

The Migmatites and Alaskites : Near Bear Island and

also near Stubblefield Falls, migmatitic quartz-feldspar

veinlets permeate the mica schists, and locally coalesce

into replacement bodies of aplite (Figure 39) . Pegmatites

and small intrusive plugs and dikes of aplite are common

nearby (Plates I and II). The migmatites occur only in

the Wissahickon Formation; most aplite dikes occur there

also, but some intrude the Sykesville Formation. The

migmatites near Bear Island are Developed in the sillim-

anite - mica schists described in the previous section.

Probably the schists at Stubblefield Falls originally

belonged to the sillimanite zone, but the sillimanite

has been obliterated by retrograde metamorphism. The

migmatites and associated rocks in the two areas are nearly

identical, and will be described together.

In the early stages of migmatization, porphyro-

blasts of albite or sodic oligoclase up to one centimeter

across, and small pods of quartz or quartz plus albite are
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scattered uniformly through the micaceous matrix (Figure

53). Where the migmatization was more intense, the al-

bite porphyroblasts are segregated with quartz into dis-

continuous veinlets from 1/2 to 10 centimeters thick,

composed of about 45 per cent quartz, 50 per cent albite
and 5 per cent

averaging An5/rauscovite (Figure 54) . Where these quartzo-

feldspathic veinlets become more abundant, the rocks

gradually pass into veined raigmatites.

The gradual clustering together of the albite por-

phyroblasts into small clots, or pods, and the coalescing

of these pods into the migraatitic veinlets, choked with

albite porphyroblasts, strongly suggests that the veinlets

formed metasomatically, by the gradual accretion of quartz

and feldspar in the micaceous schist. A magmatic origin

for the veinlets is very unlikely, because they have no

feeders or channelv/ays connecting them with large in-

trusions. Moreover, their composition indicates that

they probably did not form by the anatectic melting of

the host rocks. The orientation of the quartz - albite -

liquid tie triangles in the system quartz - albite -

orthoclase - liquid (Tuttle and Bowen, 1958, p. 72)

shows that a melt having the composition of the raigmatitic

veinlets would have to be derived from a rock containing

a suite of felsic minerals more sodic than the resultant

melt. But the excess of muscovite over plagioclase in







i' igure 53 : iaillimanite - mica schists ox the

V/issahickon Formation, with scattered pods of

quartz and sodic plat^ioclase , developea at the

beginning of the migmatization process. South-

eastern end of Bear Island, Maryland.

F igure 54 : Migmatitic veinlets of quartz and

coarse albite porphyroblasts in sillimanite -

mica schists of the V/issahickon Formation. The

veinlets bulge the schistosity outward. South-

eastern Bear Island.
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most of the modes listed in Table 2 shows that the felsic

assemblage in the host rocks is far less sodic than that

in the veinlets. These schists, therefore, would not

melt to produce liquid having the composition of the

migmatitic veinlets.

The reason for the segregation of the quartz and

feldspar is not clear in all cases. In a few places, the

migmatitic veinlets have preferentially replaced mica

schists which had been injected into cracks in boudin-

aged metagraywacke beds (Figure 55) . Here the segrega-

tion can be readily explained by the reduced solubility

of quartz and feldspar at low pressures, (see Kennedy,

1950 and Morey and Hesselgesser, 1951), which would tend

to induce a gradual migration of the felsic constituents

down the pressure gradient by solution, transferal by

diffusion through the pore fluids, and redeposition at

the low pressure site in the boudin neck. In many places,

however, there is no evident structural control of the

veinlets; possibly the tendency for like minerals to con-

gregate together in order to reduce their interfacial

energy played a part in the segregation.

Some of the mafic constituents may have been removed

as the veinlets were forming, but most of the small

veinlets bulge the schistosity outward (Figure 54), in-

dicating a considerable increase in volume and suggesting

that the amount of material removed was small.







Figure 55 : Veinlet of quartz and albite (v)

replacing mica schist (s) injected into the neck

of a boudin in a metagraywacke bed (g) of the

Wissahickon Formation. The outlines of the meta-

graywacke bed are indicated by dotted lines.

The light-colored layer (c) is part of a meta-

morphosed calcareous concretion. Southeastern

tip of Bear Island, Maryland.
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At first, it may seem peculiar that microcline is

so rare in the migiuatitic veinlets; Morey and Fournier

(1961, p. 692) have shown that K2O is nearly as soluble

as Na20 in hydrot hernial fluids, and since K2O is abundant

in the muscovite of the host rocks, the absence of micro-

cline cannot be reasonably ascribed to a scarcity of

K2O in solution.

Instead, the rarity of microcline probably reflects

the buffering effect of the assemblage plagioclase -

muscovite - sillimanite in the host schists. This effect

may be understood as follows. The plagioclase in the

migmatitic veinlets is albite, whose composition is about

Anc. Calcium, therefore, can be neglected, and the assem-

blages in the veinlets can be represented in the system

NaAlSi303 - KAlSisOs - AI2O3, taking Si02 ^^ ^° excess

component, and H2O as a mobile component (Figure 56).

The mica schists enclosing the migmatitic veinlets are

represented in this diagram by the assemblage muscovite -

sillimanite - albite. This diagram may now be contoured

to show the relative values of the chemical potential of

KoO ('^KrO^' '^^i^S *^® methods outlined by Korzhinskii

(1959, p. 85-38). This has been done in Figure 57, which

shows that uj^^q ^^ higher in the assemblage microcline -

muscovite - albite than in the assemblage muscovite -

albite; and, in all but the most socic albite - muscovite

pair, uj(^20 ^"^ ^^® assemblage muscovite - albite is higher







Figure 56 : ANK plot of the minerals in equili-

brium with quartz in sillimanite-zone alaskites

and associated rocks along the Potomac River.

Figure 57 : ANK plot showing variation of the

chemical potential of K2O (uj^ q) in assemblages

from the sillimanite-zone alaskites ano asso-

ciated rocks. Derived by methods outlined in

Korzhinskii (1959, p. 35-88). The value of

^K increases toward the corner occupied by

microcline, as it must according to the thermo-

dynamic inequality: (_^i)> (Korzhinskii, 1959,

p. 84), where u is the chemical potential of com-

ponent i, and x is the mole fraction 01 component

i.
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than in the assemblage muscovite - albite - sillimanite,

representing the host schists.

Now, at equilibrium Uj, q should be the same in all

parts of the rocks which are interconnected by a network

of pores containing a fluid through which K9O can diffuse

freely. If it is not the same, K2O should diffuse

through the pore fluid until the gradients in the chemical

potential are eliminated (Korzhinskii, 1959, p. 14-19).

This means that in a system where Ujr q is "buffered" by

the assemblage muscovite - sillimanite - albite in the

host schists, microcline should not form. If it does, the

chemical potential of K2O in the vicinity of the micro-

cline

—

(ukoO^i ^^ Figure 57—will exceed that in the sur-

rounding rocks— (u^^o^o

—

^^^ ^2^ should diffuse away

until the microcline disappears.

Closely associated with the migmatites are larger

masses of igneous-appearing rocks that range from small,

irregular pods of quartz diorite aplite to granodiorite

alaskite plugs and dikes up to 250 feet long (Bear Island

Granodiorite of Cloos and Cooke, 1953).

The small aplitic pods have the same mineral com-

position as the migmatitic veinlets, and all gradations

between the two can be found. Therefore, the pods

probably formed in the same way as the migmatitic vein-

lets, by metasomatic growth of quartz and albite.
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The larger alaskite dikes and plugs are of two

kinds: fine-grained quartz diorite aplite formed by re-

placement of the raetasediments ; and granodiorite intru-

sions, zoned inward from aplite to pegmatite. Composite

dikes intermediate between these two "end members" are

common.

A dike on the southern end of Bear Island is a

typical example of these replacement dikes. It is a fine-

grained quartz diorite aplite, spotted with albite cry-

stals up to one centimeter across. In thin section, the

aplite consists of a cataclastically deformed allotrio-

morphic mosaic of albite and quartz, enclosing small

books of Muscovite . A modal analysis of a typical sample

(3-A) is given in Table 19. The dike, which varies from

1 to 15 feet wide, sharply truncates the bedded rocks for

over 100 feet. Its contacts appear sharp to the naked

eye (Figure 58), but with a hana lens or in thin section

the minerals of the dike interpenetrate with those of the

wall rocks. Literally dozens of skialiths, each with

their internal structures parallel to the corresponding

structures in the wall rocks, prove that the dike is

metasomatic (Figure 58) . The discordance and continuity

of the dike suggests that the metasomatism worked outward

from along a cross-cutting fracture.
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Figure 58 : Contact of replacement quartz diorite

dike with metagrajrwacke - mica schist sequence be-

longing to the Wissahickon Formation. Note sharp

contacts of the dike against the wall rocks, and

oriented skialith, showing bedding ana schistosity

on strike with beading and schistosity in the wall

rocks. Southeastern end of Bear Island, Maryland.

Figure 59 : Composite alaskite dike. The gralio-

diorite pegmatite core is probably intrusive, where-

as the quartz diorite aplite border zone with the

oriented wall rock skialiths formed by replacement.

The skialiths are enriched in micas. Southeastern

end of Sear Island, Maryland.
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Table 19 (continued)

M325-1: Alaskite intrusion, north-central part of Bear
Island, Md.

M405-1: Aplitic margin oi intrusive alaskite plug, central
part of Bear Island, Md.

M407-1: Alaskite intrusion, Sherwin Island, Md.

M407-2: Alaskite intrusion, Sherwin Isalnd, Md.

* Included pseudomorphing sericite.





201

The replacement dikes all have a remarkably uniform

mineralogical composition, which is very nearly like

that of the migmatitic veinlets, (Table 19, samples 3-A,

95-B, M324-1) . The plagioclase in the replacement dikes

varies from Ang to An-.^, with most values around An5

(Figure 37). The most calcic plagioclase, interestingly

enough, is from a small aplite body replacing schist in-

jected into a fracture in an amphibolite containing

plagioclase with the composition An32 (Table 16). The

more sodic plagioclases are all from aplites in the mica

schists, where the plagioclase is An-j^Q to An^^g (Figure

37). Thus it appears that the anorthite content of the

plagioclase in the replacement dikes reflects to some ex-

tent the anorthite content of the plagioclase in the host

rocks

.

The quartz diorite and granodiorite alaskite intru-

sions differ from the replacement dikes both in mineral

composition and in internal textures. Two good examples

are the small plugs that intrude the amphibolite in the

central part of Bear Island (Plate II) . The more southerly

body is an elliptical plug with sharp, cross-cutting con-

tacts. The margins are fine-grained aplite of granodiorit-

ic to quartz dioritic composition. The aplite consists of

subhedral albite, biotite, and muscovite, enclosed by

granular quartz ana a variable amount of microcline
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(Table 19, Samples 94-A and M405-1). The top of the in-

trusion, which possibly represents the core, is pegraatitic,

with microcline crystals up to six inches across. The modal

composition of the pegmatite is difficult to determine,

but a rough field estimate is: 25% microcline, 35% albite,

35% quartz and 5% muscovite, which falls near the granite

minimum. Garnet, present in small amounts, has the com-

position Spg.Al^iPyc (Table 15, Sample 94-E) . The mus-

covite is MSggPg^i (Table 15, sample 94-D) , and the plagio-

clase is An^ (Table 16, sample 94-D)

.

The plug situated 100 feet to the north is similar

in form and mineralogy, but it contains several randomly

oriented inclusions of mica schist. These must have been

either carried upward by the magma as it was emp laced, or

else sunl^ downward through the magma, for at the present

level of erosion the plug is entirely surrounded by

amphibolite. This fact, and also the absence of replace-

ment bodies elsewhere in the amphibolite, leaves little

doubt that this plug is intrusive, and presumably both

of them are

.

The difference in grain size between the aplite and

the pegmatite may perhaps be explained in terms of the

model proposed by Jahns and Burnham (1961). The aplite

may be visualized as the initial precipitate from a

granitic melt undersaturated in water, while the pegmatite
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represents material precipitated later, from a hydro-

thermal vapor phase which was evolved from the melt after

progressive crystallization of dorainantly anhydrous

minerals had raised the volatile content to the satura-

tion point. This model is a neat explanation of the

grain-size difference, and the experimental evidence

cited by Jahns and Burnham for the model as a concept

is impressive.

The other alaskite intrusions near Bear Island

—

such as the large, irregular aplite plugs on southeastern

Sherwin Island, and the dikes up to 300 feet long near

Black Pond (Plate II)—are all mineralogically similar to

the plugs just described, and their modal compositions

cluster closely round the granite minimum, in contrast to

the replacement dikes (Figure 60). The plagioclase in

these rocks is essentially pure albite, ranging from AnQ

to An, (Figure 37) . The garnet from one dike (97-A) is

Spg7Al24Py9 (Table 15).

The ultimate source of the granitic melt which

cooled to form these intrusions is uncertain. The com-

position of the intrusions is very close to the minimum

melting trough in the "granite system (Figure 60), sug-

gesting that the melt was produced either by differ-

entiation of a larger magma, or by partial anatectic melt-

ing of pelitic rocks. But in either case, the melt was
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almost certainly derived from below the present level of

erosion, since there is no evidence for extensive ana-

tectic melting in the rocks now exposed.

Intermediate between the granodiorite intrusions

and the quartz diorite replacement dikes are a great many

composite dikes and plugs which are more difficult to

interpret. Typical of this group is a zoned dike from

2 to 5 feet wide, at the southeastern end of Bear Island

(Figure 59). On both sides it has a border zone of quartz

diorite aplite consisting of a sugary intergrowth of one

millimeter-sized quartz and albite (An3, sample 93-B,

Table 16), spotted with albite crystals up to one centi-

meter across, and containing numerous oriented skialiths.

In the center is a discontinuous zone made up of peg-

matitic microcline and albite (An-j^; sample 93-C, Table

16) together with large books of muscovite, set in a

matrix of massive white quartz. Locally there is a pure

quartz core. The pegmatitic zone contains no inclu-

sions, and shows relatively sharp contacts with the

aplitic border. The pegmatitic core is discontinuous,

pinching out along the strike in both directions; but

wherever it recurs along the dike it is always at the

center, never in direct contact with the wall rocks. The

modal composition of the pegmatite zone is too coarse to

estimate in thin section, but a rough field estimate is:
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35% quartz, 30% albite, 30% microcline, b% rauscovite,

which is near the rainimura melting trough of the "granite"

system.

Thus, the pegmatitic core is more akin, both

mineralogically and texturally to the granodiorite intru-

sions than to the aplitic replacement dikes, and it com-

pletely lacks the oriented skialiths which are so common

in the known replacement dikes. Therefore it seems

likely that the pegmatite is intrusive, although there

is no structural evidence for intrusion. If the peg-

matite is intrusive, the coarse texture suggests that it

probably precipitated from a vapor phase, or a melt in

equilibrium with a vapor phase, as already suggested for

the pegmatite core of the granodiorite intrusion on

central Bear Island.

However, the border-zone aplite must be at least

partly metasomatic, as indicated by the numerous oriented

skialiths. These skialiths and the wall rocks immediately

adjacent to the aplite are impoverished in the felsic

constituents, and may have supplied some of the Si02i

AI2O3 and Na20 to form the aplite. But the fact that the

aplite occurs between the pegmatite and the host rocks,

and closely follows the sinuous trend of the pegmatite,

suggests that most ox the felsic material was derived

from the hydrotherraal vapor which is inferred to have
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F igure 6 0: Plot of modal analyses oi replacement

alaskites (x) and intrusive alaskites (o) . Curved

line shows the melting trough in the system NaAlSi30g

-KAlSi308 - Si02 - H2O at ii,000 bars water pressure;

the cross-bar inoicates the minimum melting point in

the trough (Tuttle and Bowen, 1958, p. 75).
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formed the pegmatite. The quartz and albite may have

been concentrated either by precipitation from hydro-

thermal fluids percolating into the wall rocks, or by

direct diffusion of the felsic constituents from the

vapor forming the pegmatite into the wall rocks, with-

out any actual percolation of the fluid.

Regardless of how the felsic material was added,

the chemical potentials of K2O and Na20 (Uj^ q and Uj^q^^q)

in the vapor forming the pegmatite—representing by the

assemblage microcline - albite - rauscovite in Figure 57

—

would be imposed on the wall rocks, either directly, by

the percolating vapor, or by diffusion through the wall

rocks. That is, Na<-0 and KoO would be added to the wall

rocks, originally represented by the assemblage

muscovite - sillimanite - albite in Figure 57, until they

contain only the most potash-rich muscovite - albite

pair, in equilibrium with microcline - muscovite - albite.

No microcline would be expected to form in the aplite,

because as soon as the aplite continued only the most

potash-rich muscovite and albite, Ur^ q would be the same

in the aplite and in the pegmatite, and so there would

be no driving force for further diffusion of K2O into

the aplite.

Actually, this model is strictly valid only for the

part of the aplite immediately adjacent to the pegmatite.
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The outer part of the aplite should be in equilibrium

with the wall rocks, represented by the assemblage

muscovite - albite - silliraanite in Figure 57. That is,

there should be a decrease outward in Uj^ o> reflecting

the limits of effective diffusion of K2O. This gradient

should be reflected in a decrease in the KqO content of

the muscovite. This is actually the case, for the mus-

covite in the pegmatite is MSg^Pg^ (Sample, 93-A, Table

10), while that in the outer part of the aplite is

MSgyPg, o (Sample 93-B, Table 10) . This agreement be-

tween predicted and observed muscovite compositions is

good supporting evidence for the proposed model.

The age of the alaskites must now be considered.

The migmatites and replacement dikes are apparently con-

fined to the sillimanite zone, and therefore they

probably formed close to the peak of metamorphism. Many

of the intrusions have marginal replacement zones similar

to the replacement dikes, and none show any chilling at

the contact, or any contact metamorphic aureole. There-

fore, they too were probably emplaced close to the peak

ox metamorphism. Jaffee et al (1959, p. 115) have dated

zircons from an unknown alaskite body on Bear Island at

568 million years (Middle or Late Cambrian) . These facts

suggest that most of the alaskites formed during the

Cambrian (?) - Middle Ordovician period of igneous activ-

ity in the Piedmont.
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The Physical Conditions of Metamorphism : The

physical conditions under which the inetaniorphic rocks

were recrystallized can be best evaluated by comparing

the observed mineral assemblages with the body of ex-

perimental data now available on mineral stability.

The sillimanite-zone assemblages are most amenable

to this approach, and so they will be discussed first.

The Muscovites in the sillimanite-zone rocks con-

tain up to about 13 per cent paragonite in solid solu-

tion (Table 10) . Available data on the rauscovite -

paagonite solvus indicate that micas with this composi-

tion can form stably only above about 500°C, (Eugster

and Yoder, 1955, p. 125). The lack of evidence for

anatectic melting in the sillimanite zone, on the other

hand, suggests that the rocks did not exceed the minimum

melting temperature of the "granite" system, about 650°C,

if the water pressure was 4,000 bars or more (Tuttle and

Bowen, 1953, p. 83). That water pressures at least this

high were attained in these rocks during metamorphism is

demonstrated below. Thus the peak temperatures in the

sillimanite zone were probably between 500° and 650*^0.

The occurrence of both andalusite and kyanite relics

in the sillimanite-zone rocks suggests that the pressure-

temperature path followed by the rocks as they approached

peak raetamorphic conditions passed close to the triple
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point in the Al2SiOg system. Probably the kyanite- and

sillimanite-zone rocks straddled the kyanite - sillimanite

univariant curve, approximately as shown in Figure 61.

If the interred temperature range is correct, the sillim-

anite-zone rocks therefore formed at total pressures on

the order of 8,000 or 10,000 bars.

If this total pressure represented lithostatic

pressure only, then the sillimanite-zone rocks must have

been buried to a depth of roughly 29 kilometers (18 miles),

assuming a density of roughly 2.67 gm/cm'^ for the earth's

crust. But if the total pressure included both litho-

static pressure and tectonic pressure, as seems likely,

then the depth of burial may have been considerably less

than this amount (see Clark, 1961, p. 647-649 for a gener-

al discussion of this "overpressure" problem).

High water pressures are indicated by the occurrence

of primary muscovite in the granitic pegmatites that in-

trude into the sillimanite-zone rocks. Yoder and Eugster

(1955, p. 267) point out that muscovite can coexist with

a granitic melt only if the water pressure exceeds roughly

1,500 bars. But this figure was based on the breakdown

of muscovite in a silica-poor environment; the minumum

required pressure is even greater if quartz was present,

approximately 8,000 bars, if Miyashiro's (1960) calcula-

tions are correct. It appears, therefore, that the water
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Figure 61 : Stability relations of kyanite, silli-

raanite and anaalusite, from Clark (1961) and Clark,

Robertson and Birch (1957), and the inferred maximum

pressure, temperature conoitions in the staurolite,

kyanite and sillimanite-zone rocks along the Potomac

River. Analogous curves for the Sanbagawa region

of Japan (A) , the Grampian Highlands (B) and the

Abukuma Plateau region of Japan (C) , all modified

from a plot by Miyashiro (1961, p. 4) are shown for

comparison.
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pressure was of the same order of magnitude as the total

pressure in the sillimanite zone. This conclusion

accords with the suggestion made by Yoder (1955, p. 516)

and by Turner and Verhoogen (1960, p. 506) that the water

pressure should in general approximate the total pressure

during regional metaraorphism.

Thus, it seems likely that the sillimanite-zone

rocks were recrystallized between 500*^ and 650°C, with

total pressures on the order of 8,000-10,000 bars, and

water pressures close to this value.

As illustrated in Figure 61, the ^yanite-zone rocks

probably formed at slightly lower temperatures than the

sillimanite-zone rocks. The pressure at which the

kyanite-zone rocks formed is uncertain, but probably the

pressure was no greater than in the sillimanite zone.

The pressure - temperature conditions represented

by the staurolite-zone rocks are still less certain.

But probably the conditions bracketed the triple point

in Figure 61, for staurolite-bearing rocks pass directly

into kyanite-bearing rocks west of Bear Island, ana into

sillimanite-bearing rocks east of Bear Island.

The conditions during metamorphism of the lower

grade rocks presumably lay between the lower end of the

curve in Figure 61 and the origin, But the conditions

represented by the different zones, and particularly the
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point representing the lowest grade (chlorite zone) rocks

cannot be specified exactly, partly because of a lack

of experimental data, but mainly because the low-grade

zone boundaries do not represent true isograds, as

pointed out above.

To facilitate comparison of the metamorphic condi-

tions in the rocks along the Potomac with those in other

regionally metamorphosed areas, curves representing

metamorphism in the Sanbagawa region of Japan (A), the

Grampian Highlands of Scotland (B) and the Abu^tuma

Plateau area of Japan (C) , all modified from a plot by

Miyashiro (1961, Figure 4), are also included in Figure

61. Curves representing metamorphism in the Dalradian

Highlands and in New Hampshire are probably similar to

that for the rocks along the Potomac Hiver, but they

may lie at slightly higher pressures.

The fundamental causes of the metamorphisms along

the Potomac are difficult to assess. The most important

factors were probably deep burial, leading to a normal

(geothermal) increase in pressure and temperature, and

concurrent deformation, which mayhave helped to acceler-

ate chemical reactions, and which probably provided

channelways for migrating solutions. Subjacent ig-

neous intrusions may have caused the local "hot spots"

at Bear Island and Stubblefield Falls by "doming up"





212

the isotherms in the earth's crust. This possibility is

supported by the convex upward shape of the curve con-

necting the successive metaraorphic zones in Figure 61;

this shape is unusual for geotherraal gradients, and sug-

gests the presence of horizontal as well as vertical tem-

perature gradients (see Clark, Robertson and Birch, 1957,

p. 639). The intrusive aplites and pegmatites near Bear

Island could also record the presence of a larger intru-

sion at depth. But, notwithstanding the possible in-

fluence of intrusions, tne metamorphism is in no sense

contact metamorphism. The metamorphism accompanied

regional deformation of the rocks, the aistribution of

metamorphic zones is regional in extent, and the mineral-

ogy and succession of zones is essentially the same as in

the regionally metamorphosed sequences elsewhere in the

Maryland Piedmont (Hopson, manuscript in preparation)

.

Igneous intrusions may have locally intensified the meta-

morphism, but they certainly did not initiate it.

Retrograde Metamorphism

In many rocks along the Potomac, the minerals formed

during the progressive metamorphism have been altered

during a later period of retrograde metamorphism. The

retrograde metamorphism was most intense between Offutt

Island and Glen Echo, and gradually oecreases in
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intensity both east and west from there. In many of the

most intensely altered rocks, formation of the S^

cleavage accompanied the retrogression, but locally the

alteration seems to have occurred in a static, essentially

hydrothermal environment.

The megascopic textures and structures of the retro-

graded rocks are highly variable, reflecting difference

in the kind and intensity of the retrogression, and in

the degree of preservation of the progressive metamorphic

features. Some retrograded rocks are intensely sheared

chlorite - sericite schists, essentially phyllonites.

Here the only remnants of earlier structures are dis-

rupted quartz segregations which originally paralleled

S2 or S3, but which are now shearea out into hooked

augen-shaped remnants caught along the 64 cleavage.

Other rocks, however, have underwent little deformation

during retrogression; they faithfully retain their original

structures, and only the mineral assemblages have been

changed

.

In thin section, the more intensely retrograded

rocks are fine grained and "messy", with patches of seri-

cite and chlorite irregularly alternating with veinlets

of granulated and recrystallized quartz. The chlorite is

commonly segregated into pools and lenticles elongated

parallel to the schistosity. Relict grains of coarse
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muscovite, biotite, garnet and plagioclase, are all in

various stages of alteration.

Because the mineral assemblages of the retrograded

rocks include relict minerals, dating from the progressive

metaraorphism, as well as newly-formed retrograde minerals,

no typical assemblages can be listed, and no equilibrium

assemblage diagrams can be plotted. But the minerals

produced by the retrograde reactions--chlorite , chlorit-

oid, magnetite, hematite, rutile, albite, epidote, clinoz-

oisite, sericite and quartz—are essentially the same as

those found in the progressively metamorphosed chlorite-

zone rocks. Very likely the retrograde assemblages would

have closely resembled the progressive chlorite-zone assem-

blages had equilibrium been attained.

The retrograded rocks, because of their variability,

are most easily described by considering the alteration

of each of the higher grade minerals in turn.

The biotite is most commonly altered to chlorite and

muscovite, with magnetite, hematite and rarely rutile as

by-products. In rocks showing early stages of the altera-

tion the chlorite and muscovite occur along the margins

of the biotite flakes, then gradually they encroach on

the biotite, until it is completely pseudomorphed by a

parallel intergrowth of muscovite and chlorite (Figure

67). Commonly, the two are so intimately intergrown that
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Figure 62 : Photomicrograpii of retrogressively

metamorphosed Wissahickon schist, showing chlorite

and muscovite pseudomorphing biotite. Note the

thin platelets of opaque magnetite growing along

the chlorite cleavage (A) and the laminae of

highly birefringent muscovite interlayered with the

chlorite (B) . The coarse opaque mineral is mag-

netite, and the clear mineral is quartz. South-

eastern tip of Bear Island, Maryland. (X 50)

A. Plane light.

Crossed nicols
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Figure 63 : Photomicrograph of chlorite - muscovite

- quartz schist from the Sykesville Formation.

Garnet is pseudoraorphed by chlorite (c), and minor

muscovite (ms), but relics of garnet (g) remain in

the center. oouth of High Island, rferyland. (A 20,

plane light)

.
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the muscovite can be detected only by the high birefring-

ence which it appears to impart to the chlorite, but

locally, the muscovite forms thin, colorless flakes, grow-

ing along the chlorite cleavage. The chlorites derived

from the biotite have the same range of composition as

the chlorites formed by the progressive metaraorphisra

(Figure 35)

.

Magnetite and hematite occur as small granules en-

closed within the chlorite, suggesting that the original

biotite was somewhat richer in iron than the retrogress-

ive chlorite. Most commonly, the magnetite and hematite

occur only in small amounts, but locally magnetite makes

up 50 or 60 per cent of a single pseudomorph. Either

these biotites were abnormally iron-rich, or chloritiza-

t ion occurred in an exceptionally oxidizing environment.

Rutile is only rarely produced by the biotite altera-

tion, probably reflecting a low initial Ti02 content.

Where rutile is present, it typically occurs in hexagonal

sagentitic webs.

In still more intensely altered rocks, the altera-

tion products are segregated into nearly monomineralic

lenticles, so that ultimately the biotite paeudomorphs

are no longer recognizable.

The alteration of the biotite may be visualized as

a reversal of the reactions which probably led to the
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formation of biotite at the biotite line (Figure 44) . It

may seem surprising that a simple shift in the composition

of the muscovite can cause chlorite to appear, ana yet

the diagram clearly shows that this must be the case. For

example, consider specimen 176-A from the eastern part of

the biotite zone. It is represented by the solid circle

on the muscovite - biotite tie line in the right-hand

diagram of Figure 44. It contains no chlorite, and mus-

covite and biotite are equally abundant. If this rock

were recrystallized at successively lower grades of raeta-

morphisra, the muscovite would probably take up increasing

amounts of celadonite in solid solution, and the muscov-

ite - biotite tie line would shift so that the dot repre-

senting 176-A would fall in the chlorite - muscovite -

biotite field. The chlorite cannot form from the muscov-

ite which was originally present, and so it must form

from the biotite. At the lowest grade of metamorphisra

in Figure 44, the rock would contain no biotite, and

chlorite and muscovite woula make up about 25 per cent

and 75 per cent of the micas, respectively. Assuming

that the original 50 per cent of muscovite was not

appreciably changed, the newly formed 25 per cent mus-

covite ana 25 per cent chlorite would represent the alter-

ation products of the biotite.
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Garnet is altered to chlorite, with lesser muscovite,

quartz, magnetite and traces oi hematite as by-products.

Their estimated proportions in the garnet pseudomorphs in

63-A are typical:

chlorite
muscovite
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final resting place of the manganese originally in the

garnet poses a problem. The optical methods used do not

permit estimating the MnO content of the chlorites, but

of the 154 chlorites whose structural formulas were com-

puted by Foster (1962), none contain more than 0.53 man-

ganese cations per formula unit (18 oxygens), and most

of them contain far less. Many of the original garnets

(Table 15) contained between two and three manganese

cations per formula unit (12 oxygens), so that the man-

ganese certainly cannot all have been accommodated in the

chlorite that pseudomorphs the garnet. Some manganese

may have entered into the muscovite (see Yoder, 1959,

p. 55-56), but it seems necessary to assume that most of

it diffused out of the pseudomorph and entered in small

amounts into the chlorites throughout the rock.

The potassium needed to form the muscovite must

have migrated into the pseudomorphs; probably it was

supplied by the simultaneous breakdown of biotite in

other parts of the same rock. In addition, water must

have been added.

The staurolite is characteristically altered to a

shimmer aggregate composed almost entirely of sericite,

with about 5 per cent chlorite and 2 to 3 per cent mag-

netite (Figure 47) . Staurolite is apparently very

susceptible to alteration, for commonly it is completely
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altered, even in rocks which contain nearly fresh biotite

and garnet.

Where relict staurolite cores are found in the

shimmer aggregates, as in 161-A, they are immediately

surrounded by a thin rind of pale green chlorite, which

grades outward into the shimmer aggregates proper. In

grains which are more completely altered, the chlorite

rind has receded with the retreating outer edge of the

staurolite, and when the staurolite core finally dis-

appears, the chlorite rind does also.

This rather peculiar behavior of the chlorite sug-

gests that it is unstable, and is dissolved away almost

as rapidly as it forms. Possibly this "rind" chlorite is

an exceptionally aluminous variety, which is unstable in

the silica-rich environment of the rock as a whole, and

is therefore liable to solution and removal as equilibrium

is attained.

Most of the andalusite in rocks of the Potomac sec-

tion has been altered to a shimmer aggregate, composed

entirely of fine, scaly sericite in random orientation.

Where relics are preserved, as in 245e, the sericite can

be seen eating into the andalusite along cleavage cracks

and grain boundaries. As the alteration becomes more pro-

nounced the relics gradually disappear, leaving only

square, stubby pseudomorphs (Figure 49).
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The andalusite in M411-A is altered to chloritoid

in addition to sericite. The chloritoic occurs as fine-

grained, randomly oriented flakes intergrown with the

sericite in the center of the andalusite pseudomorphs

.

The kyanite has been completely altered to a shimmer

aggregate composed entirely of fine, scaly sericite in

random orientation. The shimmer aggregates character-

istically form long, bladed pseudomorphs (Figure 48).

Sillimanite occurs in various stages of sericitiza-

tion. The swirled, or felted texture characteristic of

the fresh sillimanite needles (Figure 50) becomes less

prominent as the sillimanite is gradually altered to

sericite, and finally the texture disappears altogether

when the sillimanite is completely replaced by a structure-

less mat of fine-grained, randomly oriented sericite.

The development of prominent strain shadows is com-

monly the only visible effect of the retrograde metamor-

phism on the quartz. But locally, thick quartz segrega-

tions formed during the progressive raetamorphism have

been sheared out along the S4 cleavage planes which

formed during the retrogression. Here the quartz has been

crushed and granulated, the original grains remain only

as fractured relics embedded in finely-granulated mortar.

The plagioclase has been altered in several differ-

ent ways during the retrograde raetamorphism. In some





221

rocks it is altered mainly to albite plus an epidote

mineral—either small, nearly colorless granules of

clinozoisite growing in the albite, or larger, brownish

prisms of iron-rich epidote . The latter are common

around the edges of the albite grains, and in nearby

micaceous lenticles. This growth of albite plus epidote

or clinozoisite represents simply the reversal of the

sliding equilibrium between sodic plagioclase plus

epidote and calcic plagioclase, discussed on page 168.

Elsewhere, the plagioclase is altered to a 2M mus-

covite-^ plus albite and epidote. Most of the muscovite

is fine-grained enough to be classed as sericite, but

some occurs in flakes up to 0.5 millimeter long, growing

parallel to the (010) cleavage of the plagioclase. It

seems as if the calcium which migrated out of the plagio-

clase to form the epidote left voids in the plagioclase

lattice, into which potassium diffused, fixing the alum-

inum and silicon in the form of muscovite. Probably

the potassium was derived from the simultaneous chlorit-

ization of biotite in other parts of the same rock.

In several rocks, plagioclase occurs in various

stages of replacement by chlorite in addition to muscovite

^Identification as a 2M muscovite is based on x-ray
studies of micas replacing plagioclase in eight specimens;
no micas composed principally of paragonite were found.
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The chlorite replacing plagioclase in 3-B is a normal
o

14 A nionoclinic chlorite, and, although its composition

was not determined, it appears identical in thin section

to the other chlorites formed during the retrograde

metamorphism. The chlorite is scattered through the

plagioclase in clumps of radiating flakes, which locally

coalesce into larger masses, commonly irregular in out-

line, but locally elongated parallel to the relict al-

bite twin lamellae. Very likely the chlorite occupies

voids left by the calcium and aluminum lost in the al-

teration of the plagioclase, as suggested above for the

sericite

.

The microcline in the rocks along the Potomac has

been altered in varying degrees to sericite, a fine-

grained 2M muscovite

.

All of the raineralogical changes just described re-

cord a tendency for the high grade mineral assemblages

formed during the progressive metamorphism to revert to

those of the chlorite zone. No assemblage diagrams can

be plotted for the retrograded rocks because equilibrium

was not attained, but the assemblages obviously approach

those of the chlorite zone in Plate IV. The observed

mineralogical changes therefore reflect a decline in

temperature and pressure from the values which prevailed

during the peak of metamorphism.
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The source of the large amounts of water required

by the retrograde reactions requires explanation. Two

possibilities are: the water was present in excess as a

pore fluid in the rocks during the period of declining

temperature, or the water was added during the retrograde

metamorphism.

Several lines ox reasoning suggest that the water

was added from some external source. For example, the

relations in a thin sill of mafic rock near Stubblefield

Falls tend to support this view. At its center, the

sill consists mainly of amphibolite, made up of dark

olive-green hornblende with interstitial relics of

andesine. The hornblende, aligned in a strong schistosity

(Sg) parallel to the contacts, is virtually unaltered;

but the original andesine is now almost entirely replaced

by albite plus epidote . Along local crush zones, the

original Sg schistosity is cut by a later S. cleavage;

these crushed rocks are thoroughly retrograded to albite

- chlorite - epidote schists, with the chlorite growing

parallel to the S^ cleavage.

The confinement of the chlorite to the crush zones

and the association of the crushing and the retrogression

in time, as indicated by growth of the chlorite along

the S^ cleavage, suggests that the large amounts of water

needed for alteration of the hornblende were available
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only along the crush zones. And since the crush zones

cut across the strike of the amphibolite, they cannot

represent layers abnormally rich in original water; the

water must have been added, presumably by percolation

through the crushed rocks. An alternative explanation

is that water was present throughout the sill, but that

only in the crushed rocks was the reaction rate suffic-

ient to appreciably alter the hornblende. This explana-

tion seems unlikely, however, because the complete alter-

ation of the andesine in the uncrushed rocks shows that

deformation was not needed for reactions to run to com-

pletion.

Moreover, the belt of most intensely retrograded

rocks along the Potomac coincides with the belt where the

S^ cleavage is best developed between Offutt Island and

Stubblefield Falls. The cleavage apparently formed dur-

ing the retrogression, for the retrograde minerals com-

monly parallel the cleavage. These facts suggest a close

genetic relationship between the cleavage and the retro-

gression, and imply that the retrograde reactions were

able to go to completion only in rocks where water was

added by percolation along the actively forming S^

cleavage. The alternative, that water was present in ex-

cess as temperatures fell seems unlikely, because then

all the rocks along the Potomac River should have been
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thoroughly retrograded. This is especially so, because

many of the progressive reactions can be reversed in the

laboratory in a few weeks or months (see, for example,

Yoder and Eugster, 1955).

The only thoroughly retrograded rocks not cut by the

S4 cleavage are near Great Falls. These rocks are closely

associated with the large hyorothermal quartz veins there,

and the water needed for the retrogression could easily

have been added when the veins were formed.

Thus it appears that the rocks along the Potomac

behaved as a complex physico-chemical system, parts of

which were open to water, and parts of which were closed

to water during the period of declining temperatures;

only the rocks which were open to water were appreciably

retrograded. This implies that the rocks were open to

water during the progressive metamorphisra, for if they

had been closed the water released in the progressive

reactions should have remained in the rocks as a pore

fluid, and caused uniform retrogression throughout the

entire area.





226

SUMMARY OF CONCLUSIONS

The crystalline rocks along the Potomac belong to

the Wissahickon and Sykesville formations, both flysch

deposits of Late Precambrian or Cambrian age.

The Wissahickon Formation is a 14,000 foot sequence

of phyllites and mica schists, interlayered with meta-

graywackes. The composition, grading, internal textures,

and thin, persistent bedding of the metagrajrwackes in-

dicate that they are turbidites. By analogy with better

known, less metamorphosed turbioite sequences of com-

parable thickness and extent they were probably depos-

ited in a deep, marine environment. Presumably the

interbedded argillaceous rocks are also marine, and re-

flect long periods of pelagic sedimentation, periodically

interrupted by the ceposition of coarse graywacke beds

brought in by turbidity currents.

' The Sykesville Formation is a sequence of metamor-

phosed conglomeratic sandstones occurring in lenses up

to 7,000 feet thick, interstratif ied with the Wissahickon

Formation. Its poor sorting, the chaotic arrangement of

the large boulders, the lack of current structures or bed-

ding, and its chemical similarity to the Wissahickon all

suggest that the oykesville was formed by the repeated

slumping or gravitational sliding of thick masses of the
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Wissahickon. The boulders in the Sykesville appear to be

partly undisrupted beds of the Wissahickon, and partly

exotic blocks of uncertain origin.

These two formations have been arched upward into a

south-plunging anticlinorium, outlined by the two main

belts of the Sykesville Formation, which converge and al-

most come together in Vi'ashington, D.C. In the area

mapped, the Wissahickon appears to overlie the Sykesville

in the western limb of the anticlinorium, and to become

progressively younger to the west.

The Wissahickon and Sykesville formations are cut by

the following intrusive rocks: prekinematic dikes and

sills of diabase, metamorphosed to amphibolite; tremolite

schists and related rocks formed by the low grade meta-

morphism of mafic and ultramafic rocks; a complex of

Plutonic rocks near Georgetown that range from ultra-

mafic to granodioritic; post-kinematic lamprophyre dikes

and discordant gold-bearing quartz veins; and Triassic

diabase dikes. The intrusions near Georgetown are most

numerous along the lower contact of the Sykesville

Formation at the nose of the anticlinorium. Their dis-

tribution, together with their probably synorogenic age,

suggests that they were localized by arching of the

Sykesville formation during folding. The distribution of

the different rock types suggests that they were formed
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mainly by separate intrusion of magmas differentiated at

depth.

The minor structures found in the metasedimentary

rocks record several stages in a lon^, complex period of

deformation.

In the high grade metamorphic rocks, deformation

apparently began v/ith flexural folding, which produced

open folds with bedding schistosity (S2) . The progress-

ive granulation ox relict detrital grains, and the develop-

ment of a strong b-lineation in S2 shows that the schistos-

ity was produced by penetrative slip parallel to bedding,

during the folding. As folding continued, flowage and

then shearing parallel to the axial plane played a part,

producing small plications in S^, then slip cleavage and

axial plane cleavage (03).

In the lower grade rocks, only flowage and shear

folding can be detected. Together, they produced a strong

axial plane cleavage, which locally grades into slip cleav-

age (So).

In places, S3 is cut by a slip cleavage that locally

grades into schistosity (S^), which parallels the axial

planes of the latest folds.

Field relations and the sequence of mineral growth

along the different cleavages indicate that S2 and S3

overlapped in time, representing local phases of
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deformation, rather than successive regional generations.

S4 locally overlapped with S3, but most S. was formed

distinctly later, well after the peak of metaraorphisra.

Despite their diversity, all the structures have closely

similar symmetry and orientation of symmetry directions

when plotted in stereographic projection. The different

folds and planar structures, therefore, were probably

produced by a common set of forces in a single, pro-

longed orogeny.

The last structures to form in the crystalline rocks

were at least three perpendicular joint sets (ac joints,

be joints, and horizontal joints), and normal faults,

parallel to the joints.

Metamorphism, which was more or less contemporaneous

with deformation, increased in grade from west to east,

producing first chlorite, then biotite, garnet, stauro-

lite, kyanite, and finally sillimanite. Most of the

mineral assemblages were in internal equilibrium near the

peak of metamorphism, as shown by their microscopic tex-

tures, the close sympathetic relationships in the distribu-

tion of metal cations between coexisting silicates, and

a general conformity to the mineralogical phase rule. The

first appearance of biotite (the biotite line) reflects

a progressive decrease in the celadonite content of the

white micas. The garnet line represents either loss of
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manganese from the biotite, or a decrease in the oxygen

pressure. These conclusions are based largely on plots

of the equilibrium mineral assemblages, and on chemical

data from these and other similar rocks. Since both

changes depend partly on compositional variables the

biotite and garnet lines are not true isograde.

Discontinuous changes in the plotted assemblages

show that the staurolite, kyanite and sillimanite lines

correspond to three chemical reactions. In order of in-

creasing metamorphic grade, these are:

11.8 chlorite + 15.9 muscovite + 0.9 magnetite =

8.0 quartz + 5.4 staurolite +29.3 H2O
+ 0.5 P2;

1.4 staurolite + 0.92 muscovite =1.1 biotite +
12.0 kyanite + 2.9 magnetite + 0.93 quartz
+2.5 HgO;

kyanite = sillimanite.

Since these reactions depend only on the conditions of

metamorphisra, the staurolite, kyanite and sillimanite

lines may be regarded as true isograds

.

Migmatitic veinlets permeate the sillimanite-zone

schists at Bear Island and Stubblefield Falls. The vein-

lets formed by the gradual accretion of quartz and feld-

spar. Locally the veinlets coalesce to form replacement

aplite bodies. Most of them are small and irregular, but

some form discordant dikes up to 150 feet long, contain-

ing dozens of undisturbed skialiths. All of the
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replacement bodies are quartz diorite alaskites. Intru-

sive granodiorite alaskite dikes and plugs are closely

associated with the raigmatites. They range from aplite

to pegmatite, and probably formed partly by magmatic

crystallization and partly by precipitation from a hydro-

thermal vapor. Composite dikes, formed partly by meta-

somatism and partly by intrusion, are also common.

Comparison of the observed metamorphic mineral assem-

blages with those obtained in published experimental work

on mineral stability suggests that the sillimanite-zone

rocks crystallized at temperatures between 500° and

650°C, and at total pressures on the order of 8,000-

10,000 bars. Water pressures closely approached the total

pressure. Specific data bearing on the conditions under

which the lower grade rocks were produced is lacking.

As temperatures and pressures declined from the

peak values some of the high grade minerals were retro-

graded to minerals of the chlorite zone. Retrograde

metamorphism and development of the S^ cleavage occurred

together suggesting that the retrograde reactions were

able to go to completion only where water was added,

mainly by percolation along the zones of active shearing.

In other words, the rocks were partly open and partly

closed to water as temperatures fell, and only the
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former were appreciably retrograded. Therefore, the rocks

were open and the water driven out during the progress-

ive metamorphism, for otherwise water should have been

universally available for complete retrogression.
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